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In this book the information on the theory, characteristics, construction, 
and design of subsonic and supersonic ramjet engines is based on domestic and foreign 
materials which have been published in the form of books and magazine :articles. “The 
theory of the basic elements of the engine -- diffusers, vombusticn chambers, and 
jet nozzles -- is considered, as well as the operation of the entire engine. Molecu- 
lar and even atomic fuels are regarded as sources of energy. This book is intended 
for engineers who are specialists in aircraft engine construction, and for students 
in higher educational aviation .nstitutions who are familiar with the fundamentals 
of thermodynamics and gas dynamics. 


Reviewer: doctor of technical sciences, Prof. Ye. S. Shchetnikov; 
Editor: engineer B. V. Makarov; 


Chief Editor: engineer A. I. Sokolov. 
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FOREWORD 

At the present time, in the domestic and foreign literature much material is 
published concerning questions about the theory and research of the individual ele- 
ments of ramjet engines, such as diffusers, combustion chambers, fuel injectors, 
flane holders, and jet nozzles. However, these enumerated questions have not been 
correlated in sufficient detail by ourselves or those abroad. This book proposes, 
for that reason, to be the first endeavour to summarize this cited information, 
which is indispensable fcr an understanding of the physical processes and for the 
gas dynamic and thr: .t computations of ramjet engines. 

Monographs and magazine articles published by the domestic and foreign press, 
as well as the personal works of the authors, have served as the basic materials for 
the writing of this book. 

In those cases where data about a numerical value or different parameters are 
absent in the literature, e.g., the combustion efficiency in the combustion chamber 
or the burner drag coefficient, the authors have confined themselves to resolving 
the problem in a basic form and drawing up qualitative characteristics. 

Information about atomic aircraft engines has previously appeared in the lit- 
erature. The authors have included a short review chapter devoted to atomic ramjet 
engines. 

‘To facilitate comprehension, a large number of examples with detailed nuneri- 
cal solutions are included in the material set forth in this book. 

The authors have sought to make use of the more widely used terms and designa- 
tions. Unfortunately, this do2s not always work out, since in the various fields of 
science various terms and designations are used. For example, in aerodynamics the 
technical system of units is widely employed where mass is expressed as technical 
units of mass (not having a conventional name) with the dimension kg sec’/m, and 
the density of a sudstance f° is expressed in technical units of density with the 
dimension kg sec?/m', In physics and thermodynamics the CGS system is accepted, in 


which mass is expressed in grams of mass g and density e in g/cm, In the tabdlj.es of 
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such physical constants as density, specific heat c, heating value 4, heat of reac- 
tion E, heat of fusion 2, etc., grams of mass usually serve as units of mass (in this 
case calories serve as units of heat), or kilograms of mass (1 kg = 1,000 g). In 
this case large (kilo) calories serve as units of heat. The numerical meaning of 


the measured parameter is one and the same in both cases, for exanple: = 0.24 


Cp 
cal/g = 0.24, keal/kg. For this reason, when values and terms expressed in technical 
units of mass, and impossibly attributed to kilograms of mass, enter into the equa- 
tions simultaneously , the constant of proportionality is eliminated. The authors 
have decided to make use only of individual units, nanely, kilograms of mass, so 
that gas consumption is usually expressed in kilograms per second and not in tech- 
nical units (kg sec*/m). Therefore in all our equations of mechanics the propor- 
tional constant g ~9.81 m/sec* is entered. We express density in equations of 
mechanics and in heat balance equations as kg/m, retaining the gravitational con- 


stant g in the first case. Density expressed in kg/m, in contrast to density 


expressed as kg sec” /mt, we designate as ¥: 


Y ~ ce. 
Density expressed in kg/m? is numerically equal to specific weight in kg/m, 


measure at sea level and at a latitude of 5° (geographic). Thus "density Y in 
kg/n?e may also be stated as "specific weight in kg/m." 

The authors express their gratitude to Prof. Ye. S. Shchetnikov, Doctor of 
Technical Sciences, and to Engineer B. V. Makarov for their valuable observations 
made during the process of reviewing and editing this manuscript. 

The authors request that all remarks and comments relative to the content and 
design of this book be directed to this address: }oscow, I-51; Petrovka 2h, 


ORORONGIZ. 
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CONVENTIONAL SYiBOLS 


(In alphabetical order) Transliterations 
ry - critical speed in m/sec 
a - molecular change coefficient 


> 
t 


geometric characteristic of the nozzle 


- thermal equivalent of work 


of - shock wave angle of the surface in degrees 
X - excess air coefficient 
Ay - angle of divergence of the diffuser (&.) 
Ay - heat transfer coefficient 
b - width of the diffuser inlet slot in meters 
- a+r 
B - factor in the flow formula: gu (aan) 
R\k+1 
p - fuel transfer coefficient in gee 
c - speed of sound in m/sec 
Cc ~ concentration in ke/m3 
°p » specific heat at constant pressure in kcal/kg deg 
cy - specific heat at constant volume in kcal/kg deg 
oe - thrust coefficient 


Cy - @rag coefficient 
- Laval nozzle impulse expansion coefficient 
- @rop diameter in m or yA 
- Giameter of the diffuser and chamber in meters 


ey 

a 

a 

Dy - diffusion coefficient, pressure gradient in m@/sec 

D, - diffusion coefficient, concentration gradient in m/sec 
§ 


- thickness of the associated film in microns 


E - heat of formation in kcal/kg mol 
E . oi, * 
nozzle expan-ion ratio «= Saco ( Sher) 
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f - friction force in kg 


- diffusion flow coefficient (@,) 
Fr d 
yp - velocity coefficient 
YY - injector nozzle cross section coefficient 
Per - combustion efficiency 
se) 
Fe - gravity acceleration at sea level and at a latitude of 45° 


- weight content 

- mass weight flow of air in kg/sec ( Gy) 
~ mass weignt flow of gas in kg/sec 

- mass weight flow of fuel in kg/sec (6 
density (specific gravity) in kg/m> | 

- slot height in meters 

- flight altitude in meters 


- fuel heating value (net heating value) in kcal/kg 


ye pom rp eo 2 2 A UR 
i) 
‘ 


- enthalpy (heat content) in kcal/kg 

- enthalpy in kcal 

- acceleration in mjaec” 

- Poisson's ratio (using "x " for the injected air and "r" for the hot gases) 
- aerodynamic quality (4.e. {lift-to-drag ratio) oe) 
- proportionality constant 

velocity (gas dynamic) coefficient of a ramjet engine, k= Oh) 
- absorptive shock factor 


- length in meters 


Ce Pp “Ee KH Fr RU mhlUme 
t 


- the quantity of air theoretically necessary for the combustion of 1 kg of 
fuel 


d - relative velecity i= 

a 
r - heat conductivity in kcal/m/sec 
i) - mass in kilograms of mass 


m - degree of taper (geonectric parameter) of a jet engine 
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= 


Sse = 


degree of diffuser expansion 

Mach number 

molecular weight in kg 

dynamic viscosity in kg/sec/m@ 

efficiency 

number of drops 

power in hp or kcal/sec 

Nusselt's number 

kinematic viscosity in m°/sec 

specific gravity of the fuel 

rake angle in degrees 

angular velocity in radians/sec 

pressure in kg/m 

stagnation pressure in kg/m@ 

vapor pressure in kg/m@ or in mm of a mercury colum 
weight in kg or t 

reaction thrust of the exhaust gases in kg 
Prandtl's number 


pressvre ratio in the nozzle in Po 


Pa 
dynami. head in ke/m@ 
heat flow in kcal/m@/sec 
flow of matter in kg/m@/sec 
quantity of heat in kcal 
heat loss in kcal 
drop radius in microns or meters 
rotation radius in meters 


volume percentage of components 


(Pp ) 


( Spot ) 


stream thrust (reaction of a stream on the sides of a duct in kg) 


thrust in kg 
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wore’ ese BiH walt 
sles as 


paral S cade oe a 
‘te  - effective thrust in kg (Rare ) 


&- + frontal or moximm cross sectional thrust in kg/m2 


R - gas constant in kcal/kg/deg with the indices "B" for air and "r" for 
combustion products (B=v) (F=g) 

Re - Reynolds number 

p "density in kg/sec?/m! 

s - entropy in kcal/kg/deg 

s - entropy in kcal/deg 

s = cross section in me 

ro) - pressure ratio 

q - over-all diffuser pressure ratio cS ) 


6 x ° pressure ratio across the supersonic portion of the diffuser ( 04) 
3” A - pressure ratio across the subsonic portion of the diffuser oa) 


Oy - pressure ratio across the flame-holder 


er 7 Pressure ratio across the combustion chamber ( fe ) 
Ee over-all nozzle pressure ratio (fs) 
od am - pressure ratio across the supersonic portion of the nozzle (o% ) 
Sy. _* pressure ratio across the subsonic portion of the nozzle (. ) 
O16 - pressure ratio across the entire engine ( ) 
t - time in sec 
t - temperature in degrees C 
+ - temperature in degrees K 
T, - stagnation temperature in degrees K; for cold air with the index "x"; 
for the combustion products with the index "p " (x= kh) T= 6) 
6 - temperature ratio, ad nos : 
u - circunferential velocity in m/sec a 
u - relative velocity of a drop in m/sec 


Un - normal flame propagation velocity in cm/sec 


internal energy in kcal/kg 


S 
‘ 


U - internal energy in kcal 
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v - absolute velocity of a drop in m/sec 


v - specific voluie in m3/kg 
v - volume in m? 
v - air velocity in m/sec 
W - calorific value of the fuel in kcal per kg of combustion products 
x - coordinate in neters 
xX - drag in kg 
y - coordinate in meters 
Z - percentage of the evaporated substance 
— 
he Rit Re 
= // a, ke +1 Ry 
ef fe betl Re 
he Ay +I Rs 
; ath f fimctions of k 
/ 2 \" 
=4 C/ ar (il | 
fe Bett 


Ri , a! 
; / (cn) ’ 
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LIST OF RUSS 


3 SUBSCRIPYS AMM ABSREVIATIONS 


Russian Transliteration Meaning 

akT akt (subscript) active 

ar at. (subscript ) atmosphere; atmospheric 
ata ata (abbreviation) absolute atmosphere 

age atu (subscript ) atmosphere; atmospheric 
60K bok (subscript ) oblique 

B Vv (subscript ) air 

BMX vikh (subscript) vortex 

BO3A vozd (subscript ) air 

BOX vol (subscript ) wave 

pocns vospl (subscript) ignition 

BPA VRD (abbreviation) air-breathing jet engine 
Ben vep (subscript ) ignition 

ax vkh (subscript ) inlet 

BMX vykh (subscript) exit 

. g (subscript ) gas; fuel; hot 

rP gr (subscript) boundary 

A a (subscript) pressure; diffuser 

Aas dav (subscript ) pressure 

Aes del (subscript) - fission 

Ano dis (subscript ) dissipation 

ao dop (subscript ) additional 

xPA ZhRD (abbreviation) liquid-fuel rocket engine 
gar zat (subscript ) used (supplied, delivered) 
san zashch (subscript) protective (shield) 

ur ig (subscript ) spine (bullet) 

uA id (subscript ) ideal 
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Ruseian Transliteration 

136 izb (subscript) 
uct ist (subscript ) 

K k (subscript) 
Kam kam (subscript ) 
KKN kip (subscript ) 
KOAbY kol'ts (subscript) 
KOH kon (subscript ) 
KOpM korn (subscript) 
Kp kr (subscript) 
KPA KRDD (abbreviation) 
KpuUT krit (subscript) 
k.cr k.sg (subscript) 

a 1 (subscript ) 
MecT mest (subscript) 

H n (subscript) 
Hac nas (subscript ) 
06 ob (subscript ) 
06m obshch (subscript) 
our opt (subscript) 
OCb os' (subscript ) 
oT6 otb (subscript) 
OTH otn (subscript ) 

0 Pp (subscript ) 
NBPA PYRD (abbreviation) 
na PD (abbreviation ) 
nx pl (subscript ) 
nou pol (subscript ) 
not pot (subscript ) 
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Meaning 

excess, surplus 

true, actual; discharge, exhaust 
wedge 

chamber 

boiling 

annular, ring-shaped 
cone 

stern, boat-tail 
critical 

winged long-range rocket 
critical 

cambustion chamber 
frontal 


local 
initial, starting; normal 


saturated 

aiffuser lip (shell) 
total 

optimun 

axis 

abstracting (sampling) 
relative 

vapor 

ramjet engine 
piston engine 

plane, flat 

flight (take-off) 


used (consumed, released); losses 


xiv 


Russian Transliteretion Meaning 


np pr (subscript ) maximum, critical, terminal, limiting 
npex pred (subscript) maximum, critical, terminal, limiting 
np.cr pr.sg (subscript) combustion products 

nyAbC pul's (subscript) pulse; pulsation 

pan rav (subscript) equilibrium 

pacy rasch (subscript) rated, design, point 

c 8 (subscript) nozzle 

er SE (subscript ) combustion 

co6 50b (subscript) proper, eigen (natural) 

cp sr (subscript ) average, mean; medium; middle 

cpeg sred (subscript) average, mean; medium; middle 

CPHB sryv (subscript) dlow-out 

oT st (subscript ) standard; flameholder; stabilization 
cTp str (subscript) stream, jet 

T t (subscript) fuel 

ren tep (subscript) heat; heat-carrying agent 

Tp tr (subscript ) friction 

TPA TRD (abbreviatior.) turbojet engine 

TPAe TDF (abbreviation) turbojet engine with afterburner 
TAD tyag (subscript) thrust 

yA ud (subscript ) shock, impact 

® f (subscript ) injector 

wKoT chist (subscript) net, pure 

x shch (subscript) slot 

eKcn eksp (subscript) experiment 

od ef (subscript ) effective 
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CHAPTcr I 
THE CLASSIFICATION GF JET PROPULSICH ENGINES 


) AND THE FIELDS OF THEIR APPLICATION 


Some contemporary flying machines, for example, the anti-aircraft guided 
missile and the long-range rocket, move several times faster than the speed of 
sound. With an increase in speed, aerodynamic drag quickly increases, and, there- 
with, the required thrust. For example, to propel a single-seater aircraft weighing 
nearly 3 t, at a speed of nearly 600 km/hr (equal to half the speed of sound), a 
thrust of almost 500 kg is necessary; to propel this same aircraft at the speed of 
sound would require a thrust of nore than 4,000 kg. If it is accepted that at Me=1l, 
the efficiency of the propeller is equal to 0.8, then the power of an engine develop- 


ing a similar thrust will be: 


—e 4000-340 __ 
N 757 > 75.0.8 == 20000 hep. 


Such a piston engine, without propeller or fuel, would weigh nearly 10 t. In reali- 
ty, the required power for m engine-driven propeller would be still larger for a 
flight speed close to the speed of sound, since the efficiency of the propeller de- 
creases rapidly. 

Owing to the extraordinarily rapid growth of the sequired power and weight of 
the power plant of a propeller-driven aircraft, it was impossible to fly at a speed 
close to the speed of sound. The highest recorded speed of a propeller-driven air- 
craft -- 756 km/hr -- was set in 1939 by a German Messerschmidt aircraft without a 
radiator, fuel tanks, or equipment, and prepared for only this flight, which lasted 
only a few minutes. The previous record, set 6 years earlier by an Italian l.acchi- 
Castoldi aircraft, was bettered by 7%. 

For sonic and supersonic flight speeds it is necessary to have light-weight 
engines able to develop the necessary thrust at such high speeds. Only jet engines 
possess these qualities. 


A unit which containe in itself a heat engine and an air-propelling device is 
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called a jet engine, wnerzin the thermal energy released is spent cirectly on in- 
creasing the kinetic energy of the gas stream whose reaction creates the useful 


thrust. 


Section 1. The Classification of Jet "ngines 

There are two principal types of jet engines: rocket engines and air-breath- 
ing jet engines. 

All that is necessary to create thrust is carried on board an :ircraft having 
a rocket engine: an energy source and a working substance.. On board an aircraft 


with an air-breathing jet engine we find only the energy source taking air from the 


surrounding atmosphere to serve as tne working substance. 
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Fig. 1 A solid-fuel rocket engine. a -- schematic, b -~ external view. 

Legend: 1) power charge with axial ducts; 2) igniter; 3) perforated 

diaphragm; ) nozzle. 

According to the physical state of the fuel, rocket engines are subdivided 

into PRDs [porokhovyye raketnyye dvigateli -- solid-fuel rocket engines/, Fig. 1, 
in which powder serves as the energy source, and the gases formed during combustion 
sorve as the working substance; and ZhRDs /zhidkostnyye raketnyye dvigateli -- 
liquid-fuel rocket engines/, Fig. 2, in which a liquid propellant composed of a fuel 
and an oxidizer serves as the energy source, and the gaseous products of combustion 
serve as the working substance. in principle it is possible to create ARDs [atoni- 
nyye raketnyye dvigateli -- atomic rocket engines/ -- in which an atomic fuel serves 
as the energy source, and steam from a liquid with a light molecula. weight, such as 


water, serves as the working substance. 
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Powder rockets were invented in China many centuries azo. 

The theory of rocket propulsion -- a mass which changes wita time -- was form- 
ulated during the years 1897-190), by the outstanding Russian scientist, Acadenician 
I. ¥V. Meshcherskiy. His labors laid the foundation of jet propulsion technology. 

Rockets operating on liquid fuel were suggested by X. &. Tsiolkovskiy in 1903. 
He failed to bring his invention to life under the conditicns of Tsarist Russia. 

PRDs and ZhRDs consume 16 to 36 kg of fuel per hour for each kilograr of 
thrust. Fuel stored in a wingless rocket does not pern=.t powered flignts of rore 
than 1.5-2 minutes. 

Air-breathing jet engines (Fig. 3) which use air from the surrounding atmos- 
phere as the working substance and as the oxidizer consume significantly less fuel 
per hour for each kilogram of thrust than a PRD or ZhRD (fror 1.0 to 6 kg/hr per 
kilogram of thrust). The duration of the powerec flight of a winged aircraft with a 
VRD! may be several hours (see Section 3 of this chapter). In contrast to rockets 
whose operation does not depend on the surrounding atmosphere, air-breathing jet 
engines may operate only within the limits of the earth's atmosphere. 

All air-breathinz jet engines have an inlet opening or a diffuser for the en- 
trance of air end an exhaust or jet nozzle for the exhaust of the operating gases 
whose reaction creates useful thrust. This thrust is equal to the change in nomen- 
tum of the exhausted gases and the incoming air that occurs every second. 

Today three forms of air-breathing jet engines are prevalent: turbojet (ab- 
breviated TRD [turboreaktivnyye/), pulse-jet (PuVRD /pul' siruyushchiye/), and rar.- 
jet (PYRD [pryamotochnyye/). 

We shall consider the principle of operation of each of these three forrs of 
air-breathing jet engines. 

A turbojet engine (TRD) is composed of an inlet diffuser, a compressor, a 
combustion chamber, turbines, and exhaust nozzle (Fig. ha, in the diagram the dif- 
fuser is removed). 

Air, compressed by the compressor, enters either a combustion chamber where 


1. air-breathing jet en-ine. 
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; a) CD Faaes 
Fig. 2 A liquid-fuel rocket engine (ZhRD). a - schemtic, b - exterrel view. 
Legend: 1) fuel; 2)oxidizer; 3) pumps; 4) valves; 5) injectors; 6) com 
bustion chamber; 7) ZhND; 8) nozzle; 9) gases. 


Fig. 3 VRD air-breathing jet engines on the wings of an aircraft. 


fuel is injected, or into an atanic reactor, The enthalpy of the ges increases. 
Campressed and burnt gases bring the operating wheel of the turbine into rotation 
by giving up a portion of their energy, thus causing their temperature ond pressure 
to decrease. The gases, after operating in the turbine, flow out the exhaust nozzle 
at a velocity which exceeds the velocity of the entering air stream, and act on the 
engine with some reaction force. A TR) operates on energy liberated in a combustion 
chamber or a reactor. If the heating of the gases is discontinued, the energy re- 
leased by the gases in the turbine proves to be less than that used by the air 


during compression in the compressor, and the rotation of the turboconm ressor 
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Botor is stopped. The thrust of the turbojet engine is increased by inc reas- 
fdaothe mimbot cf ‘co.prevsivn' stages for the air in the compressor and by an 
increase in the temperature of the gases which are exhausted fron. the combustion 
chamber or reactor. However, the temperature of the gases at the turbine entrance 
is limited by the heat-resistant qualities of its guide vanes and operating blades. 
During supersonic flight speeds, the temperature of the gases whicr ‘eave the con- 
pressor becomes high, and the possible heating of the gases in the combustion char.- 
ber is negligible. Therefore turbojet engines are suitable only for flight speeds 
which do not exceed the specd of sound more than 3 tines (see Fig. 11). 

For an increase in the fields of application of turbojet engines they are 
equipped with afterburners for burning fuel in the gases which have passed through 
the turbine (Fig. hb and Fig. 1h, see page 258). Turbojet engines with afterburn- 
ers are suitable for speeds which do not exceed the speed of sound more than 3 or 
tines. 

Turbojet engines are widely used in both subsonic and supersonic aviatici. 

Pulse-jet engines (PuVRD) consist of a short inlet diffusor, a flap valve 
assembly, a combustion chamber, and a long cylindrical exhaust nozzle (Fig. 5). 

Fuel is injected into the combustion chamber. An electric igniter, a "spark plug," 
ignites the mixture which is formed. Burning occurs in a partially enclosed area, 
Since the colin of gases in the long cylindrical nozzle, due to its inertia pre- 
vents the rapid expansion of the combustion products. Therefore the pressure in the 
combustion chamber rises, the inlet valves automatically close, and the gases are be- 
ing expelled from the nozzle with increased velocity, which acts upon the engine «with 
some reaction force. Owing to the inertia of the colum of gases wnich move through 
the exhaust nozzle, the pressure in the combustion chamber falls below that of the 
atmosphere and fresh air enters the chamber through the valves which open autonmatical- 


ly. Then the entire cycle is repeated. 


2h-28 JRoy Marquardt, "Future of Ramjet Engines," American Aviation, I-II, 195h, 


F-T3-9740/V 5 


During the perioe tunen the valves are closed, the engine has creat aerodynanic 
drag, especially noticeable during transsonic flights. Therefore a PVRD is suitable 
only for aircraft whose speed is less than that of sound. 

Ramjet engines (PVRD) have an inlet diffuser, a combustion chamver with nozzles 
for feeding fuel, an ignition device, a flame holder, and an exhaust nozzle (fig. 6). 
The compression of air occurs in the diffusor of the PVRD at the expense of its kinet- 
ic energy. Therefore a PVRD may operate only in an air stream, The oncoming air en- 
ters the expandin, diffuser and partially loses its speed; because of this its pres- 
sure, density, and temperature are raised in proportion to the imitiwt velocity of the 
air strear.. The air, compressed by the diffuser, enters the combustion chamber and 
4s mixed with fuel. During the burning of the mixture that is formed, the enthalpy 
of the gas increases, while the pressure decreases insignificantly. The combustion 
products are forced out the exhaust nozzle with a speed greater than that of the 
entering air stream. 

During speeds of 3 tines the speed of sound, the pressure in the combustion 
chamber of a PVRD may be raised approximately 25 times. Because of this, a device 
that raises the pressure, similar to a turbine or a corpressor in a turbojet engine, 
becomes unnecessary. 

% speeds which are approximately lower than half the speed of sound, the in- 
crease of pressure attributable to the velocity on the free stream air, is insigni- 
ficant (less than 20%). The energy liberated by the burning of the fuel is low, 
and only a small portion of the enthalpy of the combustion products is transformed 
into kinetic energy. Therefore a PVRD is not used at low speeds (M<O.5). 

The air pressure in a ranjet engine is noticeably sustained only during heat- 
ing. In the absence of heatinz, the air Slows through the engine duct without 
slowing and the pressure remains low. At the same time, the speed of the exhaust is 
less than that of the incomirg air, because of the energy loss due to friction and 
shock waves, and only the force of aerodynaric drag acts on the engine. 


At flight svoeeds greater than 3 times tne speed of sound, ranjet engines prove 
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rig. 4 Diasra of a vas twroine en~ine. a -- 4 ro jeter, ‘¢, 0 <= afterbur-sr 
of a turbojet enginc. 
Legend: 1) eleciric starter; 2) li-s‘a 2 corpressor; 3) ... bustion « 
ver; )) txo-etace turoine; 5) nozzle; &) turbojet en_ine nozzic; 7) t 
noceiples; €) varicble-arca nozzle; +) diffuser; 16, srewatic nersle 
instrument. 
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Fig. S A pulse-jet engine (PeVb). a += scheratic, b -- installed on ¢ missile. 
Legend: 1) fuel; 2) injectors; 3) air; 4) flap valve assumbly; 57 ice 
niter; 6) conbustion charber; 7) exhaust nozzle. 


Fig. 6 A ramjet cnzine (WRD). a -- subsonic FVD, b arc c -= supersonic -VALs 
at a, < 2 ana ath, ><. 


to oe nore econcmical than any other sort of pcvcr olant. 

‘the idea of a rarjet engin: wat aavanced in 1913 oy hn. Frenen enzineer xené 
Loren, “ho descrived his invention in an article putlished in the macazine Aerofile 
in 1913. He did not have a clear-cut idea of hish-specd fliscnt and ticrafore de- 
lieved that the cnzine efficiency would alvays be lot. Loren anpare:tl: did not 


undertake any attern.ts to Lrin; his invention to reality. 
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Fig. 7 Dasie schematic of an atoric air-breathing engine. a -- envzine with direct 
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Ge one oy et ee ec 
reactor; 10) punn. : " 

In 1926, the Englishman 3enjamin Carter took oul a patent on a ranjet engine 
for artillery; snells. He specified the necessary units for the flazeholders, and 
for flight speeds in the order of 100 m/sec he suggested injectin: the fuel against 
the air stream to inerease its spray and vaporization. Information about the tests 
of his invention is not to be found. 

In 1929 the Russian scientist 93. 5S. Stechkin published the article 'The Theory 
of Air-dreathing Jet Snyines," vhich served as the foundation for the furthering of 
theoretical development. 

In 1934 the French engineer Rene Leduc took out a patent on an aircraft with a 
ranjet engine. Leduc besan the development of ramjet engines in 1933, and in 1935 
began static tests of < model PVRD which, for that tine, had the hich specd of 
1,000 km/hr, and which proved its practicability over any other ty,e engine. Leduc's 
nodel of an aircraft with a PVRD was exhibited at the Paris air exnidition. in 1938, 
and durin; the er year the construction of an experimental aircraft was begun at 
the Brega plant. 

At the time of the Serman invasion of France, this experimental aircraft was 
not finished. The interrupted work was resumed in 1945, and at tic end of that year 
the exoerimental aircraft Leduc-010 was finished. However, wntilsthe-end of 1954, .no 


testa were: condut ted of the modified ftrms of this aircraft at eupersogic apeeds. 
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In 1939 the Soviet enginezr I. A» Merkulov built and flight-tested a subsonic 
ramjet engine which was intended as an auxiliary engine for propeller-driven air- 
hrart. 


During the Second World War, work on ramjet engines was carried out in Germany, 


England, the USA, and the UCSR, Reference to the progress made in this worl: will be 
found further in the text dealing with the developmen’ of the individual parts of 
the ramjet engines. 

PYRDs, just as TDs, arc able to operate on both molecular fuel arid atomic fucl 
(Fig. 7). 
Section 2. Parameters of Jet-Propelled Engines 

The operation of jet-propelled engines is characterized by a number of para- 
meters. By comoaring the numerical significance of the various systems of jet-pro- 
pelled engine parameters with one another, their comparative advantages and disad- 
vantages may be brought out. 

The thrust-weight ratio of an engine is characterized by the frontal or mid- 
ship thrust R Z- Frontal thrust is equal to thrust R, which is attributed to the 
frontal area of the engine Sy » that is, to the unit of area of its maximum cross 
section. 

(1.1) 

The frontal thrust of a rocket engine depends on the nature of the propellants, 
the pressure in the combustion chamber, and on the construction of the chamber and 
nozzle. 

Knowing the nature of the fuel, the oxidizer, and the pressure in the corbus- 
tion chamber, it is possible to calculate the frontal thrust and the fuel comsump- 
tion of a rocket engine. Similar computations indicate that solid-fuel rocket en- 
gines usually possess higher frontal thrust, but always at lower eco..omy than liquid- 
fuel rocket engines. 

The parameters of air-breathing reaction engines depend on the speed and alti- 


tude of the flight, and on the temperature and pressure of the combustion products 
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before the exhaust. The temperature is determined by the nature of the fuel and the 
corposition of the mixture: the pressure by the speed of flight, the construction 
of the diffuser, and the operation of the compressor. The parameters of turbojet 
engines depend on the gas temperature before the turbine and the heat-resistance 
limits of the material from which the turbine blades are made. The use of new heat- 
resistant alloys and cermets affords the possibility of raising the temperature of 
the turbine blades, which will improve the parameters of the engine. 

The parameters of supersonic rarjet engines, apart from the nature of the fuel 
and the composition of the fuel rixture, depend mainly on the perfection of the dif- 
fuser, in which the compression of the entering air stream occurs. 

In order to give an idea of the comparative advantages and di -advantages of 
various aircraft engines, Fig. 8, 9, and 10 indicate the parameters computed with 
the high heat resistance and coefficient of pressure recovery which were reached in 
1953. (These ¢tagrums are borrowed from an article by Narquardt .*) With an increase 
in permissible temperature and the perfection of diffusers, the parameters of jet 
engines improved and the field of their application were broadened, but the compara- 
tive evaluation of various types of engines was not significantly altered. 

The thrust of a jet engine, stated in units of weight of the engine construc- 
tion PRD? is called the specific weight impulse. 

g . 7 
Popa 
With a hi cher specific weight impulse, the relative weight of construction is 


(1.2) 


less (Fig. 8). 
The relation of frontal thrust to the dynamic head of the free air stream 


q = Yw? is called the thrust coefficient c 
2e 


R? 


R, 


age (1.3) 


1 
Roy Marquardt, "Future of Ram-jet Engines," American Aviation, I-II, 195, 
2-28 e 
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Fig. 8 Specific weignt impulses of various engines. 
1. Piston engine (PD). 2. Turbojet engine (TRD). 3. Turbojet engine with 
afterburner (TRDIF). 4. Ramjet engine (PVRD). 5. Liquid-fuel rocket engine 


(ZhRD) 
Legend: a) Specific weight impulse (kg thrust/kg weight); b) Nach. 


From (1.1) and (1.3) we get es 
Rm. (1.h) 
where wis the flight speed in m/sec; 

¥ is the density of the free air stream in ke/m>. 

As seen from the formula (1.4), the thrust coefficient is determined by such 
expressions as the drag coefficient c,: 

. cae Se. (1.5) 

The thrust of the engine R during stable horizontal flight is equal to the 
total aerodynamic drag of the aircraft X: R =X. 

For an increase in speed or altitude R > X. 

Therefore, in order for a jet engine to be suitable for use in an aircraft, the 
thrust coefficient must be not less than the drag coefficient cp>cy. If the drag 
eoc{ficient of the aircraft is ‘mom, then b; the magnitude of the thrust coefficient 
it becomes possible to judge the suitability of a jet engine for flights at some given 
speed (since cp and c, depend on the flight speed in various forms), 

The operation of rocket engines does not depend on the speed of the free air- 
stream; therefore, the conception of thrust coefficient does not usually apply for ” 
liquid-fuel rocket engines. 


ri 12 
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The economy of an engine which develcyvs thrust at the expense of heat liverat~ 
ed during propellant combustion is expressed by the specific impulse I or specific 
fuel consumption Cy. 

The thrust obtained i: burning 1 kg of fuel in 1 second is called the specific 
impulse. if during fuel consumption G kg/sec the engine develops a thrust of R ‘ 
then the specific impulse is: ~~ 

[= 
G° : (1.6) 
The dimension of specific impulse is 
[1] = L - fee of uarust J 7 [sec] 

The greater the specific impulse, the more economical the engine operates. 

The fuel consumption per hour necessary to develop 1 kg of thrust is called 
the specific fuel consumption. If an engine consuming G kge/sec of fuel develops a 


thrust of R kg, the specific fuel consumption Ce. will be equal to: 


C= OG _3600 (1.7) 
e r 1 . 
The dimension [co] =|kg of fuel ies ° 
kg of thrust/hr hr 


The specific fuel consumption or specific impulse of a rocket engine depends 
on the nature of the propellants, the pressure in the combustion chamber, and the 
construction of the engine. The specific fuel consumption or the specific impulse 
of an air-breathing jet engine depends on the nature of the fuel, the construction 
of the engine, and the speed and altitude of flight (Fig. 9). 

From Fig. 9 we see that at M<9.7 piston engines with propellers possess the 
most economical specific weight impulses. At M from 0.7 to 2.0 turbojet engines 
have the best economy. At M2 turbojet engines with afterburners (TRDF) have the 
best economy «4 At M>2 ramjet engines have the best economy and highest frontal 
thrust. With the improvement of heat-resistant materials, the field of application 


of a turbojet engine will be broadened. 


Lepor -- Turboreaktivnyy ovigatel's forsaznnoy kaneroy -- Turbojet engine with 
efterburner. A turbojet engine which burns additional fuel after the turbine, or a 
turbojet with an afterburner. 
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Yor the final elucidaticn of the -westion of the fields of applic-tion of the 
same or different types of engines, it is necessar, to cormute the duration and 


length of flight. 


i 

3 

i 

ey 
. §¥ 

et 

ss 

; RE Legend: 
as a) Specific fuel consumption 
3 attributed to useful 
: thrust, kg/kg hr. 
b) Mach 


Fig. 9 Specific fuel consumption of various types of engines. 
Designation same as in l’ig. 8. 


Secvion 3. Duration of Operation and Range 
The duration of the cruising flight of an aircraft (the duration of flight with 
an operating engine) is determined by the relative fuel capacity on board ‘Y and the 
fuel consumption per second G. 
The ratio of a full load of fuel 5 to the take-off weight of the device P, 
is called the relative fuel capacity (fuel to gross weight ratio). 
vee, (1.8) 
The relative fuel capacity of a long-range rocket of the V-2 type reached 
0.68. In essence, it is possible to increase somewhat this value. The relative 
fuel capacity of an aircraft is usually less than that of a wingless rocket. 
The thrust R required for a flight depends on the angle of the flight trajec- 
tory to the horizon, on the aerodynamics of the aircraft, and on the flight speed. 
The ratio of lift to drag or the ratio of weight to thrust during horizontal 
flight with a constant speed is called the aerodynanic quality of an aircraft k: 
kas. (1.9) 
The fuel consumption is determined by the required thrust R and the specific 
thrust I or the specific fue) cu.:sumption C, 
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g RC, 
G= —=—— *k sec=—RC k age 
7 = 3609 S6/S00= RC, Ke /he (1.20) 


p The duration of flight during constant thrust R= const is equal to the ratio 
of fuel load Po to the fuel consumption Cc: 
fT pe (1.11) 
By the combustion of the fuel, the gross weight of an aircraft P = P,+ P.is 


decreased, and therewith the required thrust. 


g-2 = Peot+P (1.12) 
k t& - 


Here P is the empty ueisht of the device. The reduction of veight for the 
time dt is equal to the weigit of the burned fuel: 
-pP=c a=R a-ha 
I kI 


Hence 


dP 
dt = - Ki p- 


Integrating to the limit from Fo to Pes we find that the duration of flight at 


£ 


a constant speed ( w = const), constant quality k, and varying thrust R - r 


P. oe P. 
Pe —f t= —ki|inP| ; 
"e fa (1.13) 


t=kin—* =klin—_. 
Pe 1l—v 


Gomparing the expressions 1.11 and 1.13, we see that the duration of flight 


during variable thrust is greater than with constant thrust by Ins : times. 
—v 
If V «0.70, then * 
1 
in 
t—v 2,3 I 
i SS gp ee | 98 
v 0,7 8 1—0,7 1725 
The range of flight depends on the duration and speed of flight 
l=wl=cMl. (1.1)) 


Ww 
Here M=¢ is the Mach number (see Chapter II, Section 7); c is the speed of 


sound in m/sec or km/sec. 


Having used 1.13, we finally obtain 


F-1S-9740/y 415 


bmcM Jkin ——, 


(1.15) 
> expressed in the same units of length used in defining the velocity. 
The last forrula is called Tsiolkovskiy's formula, or 
bem 2 bin ka, (1.16) 


The speed w in the formula (1.16) is expressed in kn/hr. 


The product cMI = 6" wl is called the range parameter. It is expressed in 
The vaiue of the range parameter te depends on the type of engine and the 
sht speed (Fig. 10). At subsonic flight speeds a longer flight range may be ob- 
ned through the use of piston engines; at transsonic flight, by the use of turbo- 
engines; at speeds of M = 1.6 to M = 2.5, by the use of turbojet engines with 
erburners; and at M> 2.5 and greater, the longest powered guided flight is by 
ns of ramjet engines. With increased permissible temperatures at the turbine 
rance, the field of application of a turbojet engine for long flights is widened 


include higher speeds. wo 


Prpamemp Crmvocme nopemne 8 tie 


(exnopocme|yd pacrod monnuba) 


g- 10 Range factors of various engines. Designaticns same as in Fig. 8. 
Legend: a) Flight range parameter in km (speed/specific fuel consumption), b)Mach. 
Example 1. Let us find the duration of flight of an aircraft with a turbojet 
gine when M = 1; V = 0.h; k = 8; Co = 1.2 Ee! 
1 


k 8 1 
a= In «=~ ——~ & 3, ~ 
t Ce aS rv 13 in ae 3.4 hours 
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Example 2. Let us find the duration of vertical flight of a rocket with a 
liquid~fuel rocket engine when Y = 0.68; Co * 16 z if tre ratio of take-off weight 


to thrust is a « 0.5 and thrust tends to be constant in flight: 
"| vPq 0 ,68-0,5 


'=CR 16 


=0,021 hr. =76 S@Ce 


Example 3. Let us find the reide of powered horizontal flight of a winged 
stratosphere missile of the "Navaho" type (see page 21), with a ramjet engine at 
speeds of M = 2.5, if the quality of the missile k = 5 and the relative fuel weight 
Y = 0.7. 

The speed of sound in the stratosphere is c = 295 m/sec. The specific fuel 


consumption of a ramjet engine at N = 2.5 is C, = 2.6 kg/hr kg. The range is 


CME 1 295.3,6-2,5-5 


Ceo bes 2.6 =-600 Kile 


n asl 
1—0,7 


Section h. The Fields of Application of Various Types of Jet Engines 


The brief information about jet engine parameters in the foregoing paragraphs 
permits determinétion of the areas of speed and altitude at. which the, engines of one 


‘brCasiother ‘tyve may be most effectively used (Fig. j)2, 


Fig. ll. areas of operation of v-~ious types Fig. 12. The take-off of a 
of jet oe ee same as missile with assist rockets. 
in Fig. 8). 


luguided Missiles" (review), Voprosy raketnoy tekhniki [Questions of Rocket 
Technics/, No 1, 1956; G.W. Gardner, "Guided Nissiles," Chartered Mech. Envineers, 
1955, No 1, page 2. ~~ 
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Rocket engines operating on solid fuels (PRD) and those operating on liquid 
fuels (ZhRD) may be used at any speed and at any altitude. The altitudes are limited 
by the aerodynamics of the aircraft and notby the peculiarities of the rocket engine. 

Rocket engines are used as take-off boosters to cut c. .n runway lengths and 
time during the take-off of aircraft with piston, turboprop, or air-breathing jet 
engines; on guided missiles; on antiaircraft rockets; and on long-range rockets 
(Figures 12, 13 and U4), At the end of the Second orld War, rockets had a range of 
300 km, This range was increased by inerrasing the specific thrust, the talceoff 
weight, and the relative fuel supply. 

The intercontinental ballistic missile has been successfully tested in the 
USSR ; it is able to hit any point on the earth's surface. Tne speed of the missile 
is many times greater than that of sound at the end of the operation of the missile's 
engine. The missile is propelled by inertia for the greater portion of its flight at 


enormous altitudes and in very rarefied atmosphere. This portion of flight is prac- 
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Fig. 13. The Viking" high-altitude Fig. ll. The "Nike" antiaircraft 
rocket. guided missile, 


During powered flight, the long-range missile is directed by means of internal 
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rudders located in the exhaust gas stream and receiving signals fron the autopilct 


or by radio. 


High-altitude rockets with ZhRDs are also used for scientific purposes: for re- 


search of the upper layers of the atmosphere, solar radiation, cosmic rays, etc. 


Data about the layers of the atmosphere at altitudes of more than 0 km (Table 1.1) 


are obtained by high-altitude rockets (V-2s and "Vikings") which have instrumeat 


compartments in place of warheads in their upper portions. 


TABLE 1,1 
PHYSICAL DATA OF THE ATHOSPHERS 
v0 (Obeeihc a by Hig Altitud: Rot. ts) 

. Altitude | Temperature Pressure Py, Density 
kn, % I a K m Hg ‘ . Vn ke/m 
0 | 288 ,0 760 1,1 
10 230,8 210 4,2-10-1 
2 212,8 42 9,3- 10-2 
» 231,7 9,5 1,9-10-2 
0 262.5 2,4 4,2-10-8 
50 270,8 7,6-10-! 1,2-1078 
@ 252 ,8 2,2-10-! 3,5-10-* 
% 218,0 5,5-10-* 9,7-10-8 
# 205,0 1,1-10-* 2,1-10-3 
90 217,0 2,0- 10-8 4,1-10-6 
100 240,0 6,0-10-4 8,6-10-7 
110 270,0 2,0-10-4 2,0-10-7 
120 330,0 6,0-10- 5,6-10-8 
130 390,0 2,0-10-6 1,9-10-* 
10 447,0 7,0-10-¢ 7,6-10-® 
190 503 ,0 3,7-10-* 3,4-10-9 
160 560,0 "2,0-10-8 5,6-10-* 
180 676,9 7,0-10-7 4,8-10-#0 
200 792,5 3,0-10-7 1,7-10-10 
220 906,6 1,4-10-7 7,0-10~" 


On October 1957 the Soviet Union launched the first earth satellite vehicle 


by means of a rocket carrier. 


The satellite had a diameter of 58 cm, a weight of 


83.6 kg, and carried instruments and transmitters. A month ater, 3 November 1957, 


the second satellite was launched, carrying more complicated equipment and weighing 


6 times as much. 


ZhRDs are used as the primary engines also for ;lanes designed for the study of 
supersonic flights(Fig. 15). 
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Turbojet engines (TRD) are used on high-speed civil and military aircraft of 
various types (Fig. 16). Heavy aircraft with TRDs are able to fly &,000 km with a 
) speed of more than 1,000 km/hr. Modern aircraft with TRDs develop supersonic speeds. 

TRDs ‘with afterburners and dual cycle TRDs are intended for flights at speeds 
reaching 3 times that of sound (see Fig. 11). Augmented TRDs are installed in light 
as well as heavy aircraft. 

The broadest application in regard to speed and altitude is that of ramjet 
engines (see Fig. 11). 

With an increase in flight altitude the atmospheric pressure falls (see Table 
1.1) and conditions for carburetion and fuel ignition in the combustion chamber of a 
VRD worsen (see Chapter VIII). On the other hand, with an increase in flight veloc- 


ity, the pressure in the chamber increases in proportion to the free stream dynamic 


Fig. 15. A supersonic aircraft with ZhRDs (Nah 2.6, ceiling 20 kn). 


head. Therefore, th- greater the flight speed, the greater the altitude up to 
which burning in the combustion chamber of a VRD will occur under satisfactory con- 
ditions. Ramjet engines are able to develop the greatest speeds. Therefore they 
can operate at greater altitudes than any other air-breathing jet engine. Super- 
sonic PVRDs possess greater sltitude capabilities than subsonic ones. The altitude 
capability of a subsonic PVRD operating on hydrocarbon fuel is alnost 10 kn. 

Subsonic PVRDs are used in target drones, aircraft-type missiles, and heli- 
copters. 

Target drones are used for training antiaircraft-artillery and fighter pilots, 
and for testing various means of antiaircraft defense, replacing costly aircraft, The 


target drone is carried tc the required altitude by a control aircraft, the ramjet 
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engine is stared, and tre varzet is released from the control aircraft, it files 
independently, controlled *, an autopilot or by radio ccmnand (Fig. 17). 

] Subsonic PYRie ins‘ .lled in helicopters are located at the ends of the rotor 
biades (Fie. ic}. <A helicopter with a PV2D is simple, reliable, cheap, and does not 
need any additional means te counteract body toroue since the engines are on the 
rotor itself. 

Supersonic ranjet engines are used in antiaircraft missiles, on supersonic 
aircraft, and in winged long-range missiles. 

Antiaircraft rockets with ranjet engines take off with the aid of starting 
rockets, gaining altitude and following thei selected target through t.c operation 
of the ranjet engine (Fig. 19). 

A fighter aircraft with a ranjet engine, a prototype of which is the Leduc 
aircraft, starts with the aid of rockets or a turbojet engine and continues its 
flight through the operation of a ramjet engine (Fig. 20). 

A winged long-range missile, an example of which is the "Navaho," designed in 
the USA, starts with the aid of a liquid-fuel rocket engine and then completes its 
planned flight through the operation of two ranjet engines located under the fuse- 
lage. The computed range of this missile, which is intended for intercontinental 
flights with a hydrogen bomb at speeds 2.5 - 3.0 times greater than that of sound, 
is 8,000 km at an altitude of 20 km. The most effective means of defense against 
winged long-range rockets would probably be supersonic fighters with ramjet engines, 
carried into the air by control aircraft, forming barrages near the defensive object 
and supersonic missiles supplied with a radio control and an internal guidance system 
(see Fig. 14 ard 19). 

In summary, we may say that the primary characteristics of ramjet engines are 


their ability to operate at very high flight speeds and at greater altitudes than 
turbojet engines; greoter economy end lighter weight as compared with liquid-fiuel 
engines; absence of moving parts and simplicity of construction. Pasically, their 
shortcomings are tne absence cf static thrust, their need for a positive start, and 
ow econory at eubsonic flifht cpeeds. Ramjet engines are the nost. effective engincs 


for great superscnic speeds in aviation. 
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Fig. 16. Aircraft with turbojet engines. 
a -- Passenger aircraft Tu-104; b -- fighter; c -- heavy bomber. 
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Fig. 17. Application and testing of ;VRDs. a -- Gorgon IV target drone; 


b -- American Lockheed X-7 test missile used for testing supersonic 
! ranjet engines. 


ac 


. 
Le ee od 


| Fig. 18. & helicopter with ramjet engines at the ends of the rotor blades. 


Fig. 20. Interceptor with a ramjet engine. 
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Fig. 21. ‘Yinged long-range rocket of the "Navaho" type with supersonic ramjet 


engines. 
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CHAPTER II 
THE FUNDAMENTALS OF GAS DYNAMICS 


The velocity of gases relative to the walls of a jet engine is so great thet 
in investigating the flow it is necessary to consider the compressibility of the gas. 
The temperature and pressure c° a compressed gas fluctuate. The changes in the 
state of a gas which exchanges energy with the surrounding medium are expressed in 
terms of the laws of thermodynamics. The motion of a gas which is considered an in- 
compressible fluid is described in terms of the law of aerodynamics. The laws of the 
flow of a compressed gas are a combination of aerodynamic and thermodynamic laws. 

The science of the motion of a compressed gas is called gas dynamics. Generally, 
aerodynamics may be considered as a particular eabeer gas dynamics. 

Valuable conclusions about the characteristics of a flow of compressed gas may 


be made from the laws of the conservation of matter and energy. 


Section.1. The Law of Flow Continuity 
We shall consider a gas flow which flows through the cross-section of a tube 


(Fig. 22). In the section S, the gas has a speed of w), a density of ¥ » a tempera- 


L 
ture of T,, and a pressure of p,. The gas parameters in section So are marked with 
the index "2", 

Thé volume wrich flows through this tube section every second is called the 


volumetric discharge 9: 


’ Qu $4 _ Se, (2.1) 


Fig. 22 For the solution of the basic flow equation. 
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The volumetric discharge equal to the time deriviti.e of the incoming volume 
is measured by the product of the speed of the flow w and the flow section S. In 
the computation of the volumetric discharge, the same units of length are used in 
the expression of speed and cross section:: if, for example, speed is expressed in 


m/rec and the cross section in m* 


» then the volumetric discharge is obtained in 
n3/sec. 

The quantity of kilograms of gas which flow through the section under consider- 
ation, per unit of time, is called the mass flow rate G: 

= t= Si (2.2) 

The mass flow rate equal to the time derivative of the mass of the flowing 
substance is measured by the product of the flow section S, speed w, and density . 

If, along the length of the tube, mass exchange with the surrounding medium 
is absent, then, according to the law of the conservation of matter, the amounts of 


substance which flow every second through any section of a pipe are equal to one 


“another, —" 
Sections 1 and 2 may be described by (2.3) 
G,=G: i. 
or 
G= 0,81 {1=W2S2 2. ; (2.k) 


In the absence of sources and sinks, the product of the pipe's cross-section, 
the flow speed, and the density is of constant value. The law expressed by equation 
(2.4) is called the law of the continuity of flow. 

The law of the continuity of flow is a result of the law of the conservation 
of matter. : 

Density is written in the same units of volume as is volumetric discharge. 

If, for example, speed is expressed in m/sec, cross-section in mn, then density will 
be expressed as kg/m? or t/m>. The discharge by weight will then be exoressed in 
kg/sec, or t/sece 


The lan of flow continuity is widely used in the gas dynamics of reaction 


engines. 
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Section 2. The Law of Conservation of Energy for a Gas Strean 

The law of the conservation of energy is also widely used in gas dynamics. Let. 
us assume a gas is allowed to flow along the cross-section of a tube (see Fig. 22). 
During time dt, dm, kg of gas will enter the tube. The speed of the movement of the 
gas is equal to w). The kinetic energy of the gas entering the tube in time dt is 


equal to 
dK, a e dm, 


2g ; (2.5) 
The sum of the kinetic and potential energies of the atoms, molecules, and 


other particles is called the internal energy of the body. The internal energy of 


an ideal gas is proportionate to its temperature. 
If the temperature of a gas is Tj, then the internal energy of the gas, which 
enters the tube in time dt, is equal to 
dE, =e,T, dm,. (2.6) 
The gas pressure is equal to p). The section S, may be considered as a rigid 


piston. The work which this hypothetical piston accomplishes on the gas in the tube 


is equal to 
dU, =p,S,dx= ; 
‘ A Py pax pidVv, (2.7) 


The energy brought in by the gas in the tube through section S), is equal to 


the sum 


wid, 
_Adk + AdU,+d8, a +6,7; dm, + Ap, dV (2.8) 


1 7 
As is the thermal equivalent of work. 
lat A 


The energy carried away by the quantity of gas dm. flowing out throwh section 
So in time dt is equal to 


en em 


oak + AdU, + dE, ~ “hts +c, r, dm, -+ Ap, dV3. 

The energy released in the tube re designated by dH. The heat which goes 
through the walls of the tube and is dissipated into the surrounding atmosphere is 
designated by 4 q° 

According to the law of the conservation of energy 


Adit, +dE, + AdU, +dH=AdK,+dE,+AdU, +39. M207) 
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If liberation of energy does not occur in the flow, then 
dH = 0 
“If the flow is adiabatic, i.e. if it occurs without exchange of energy with tie 


ambient atmosphere, then_ 
: &7=0. 
In this case 


eal At? dm 
™ 40,7, dm, +Ap,dV, = te oT dmy+ Apsd Vs. (2.10) 


According to the law of the conservation of matter 


y = amy 


Dividing both sides of the last equetion by dm and noting that id is equal to 


dm 


the specific volume of the gas v, we obtain 


Avy 
ant —— +¢,7, + Ap,r, = te, ee (2.11) 


The sum of the internal energy of 1 kg of gas c,T and the work of gas dis- 
placement under the action of internal pressure p is called enthalpy, or heat con- 


tent i: 


1 
“a i=c,.T +Apv. (2.22) 
According to the equation, the composition of an ideal gas is 
‘po=RT, - (2.13) 
consequently, 
“t= (Ce+AR)T=6,7, (2.1) 
since, according to Mayer's equation, 
c= eet AR, (2.15) 


Substituting (2.15) in (2.11) we obtain the basic equation of adiabatic flow: 


! i iy _ (2.16) 


or 


4 ‘ 
Mi ieee inte, r,, (2.17) 


During adiabatic flow the sum of the kinetic energy and the enthalpy of the gas 


is a constant value, 
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Section 3. The Flow of an Incorpressible Fluid. Bernoulli's quation 


The variation in density of liquids during changes of flow speeds is practical- 
ly immeasurable. if changes in gas speeds are small in comparison with the speed of. 
sound = <0.5), then the gas density remains practically constant: Y~ = const. If 
the gas density is a csnstant, if friction losses are negligibly small, and if ene ‘gy 
exchange with the surrounding medium is absent, then the internal energy and tempera- 
ture of the flow will remain constant: 

T,==T,=const end ¢,7;=¢ T,=const: (2.18) 

In this case the terms c,T, and cyT2 in the equation (2.11), expressing the 
law of conservation of energy for the flowing gas, cancel each other out. 

Then, 


. wf ne 
—_ + pu = — +pyv. . 2el 
2g : 2¢ rae ey) 


After miltiplying both p rts of the equation (2.19) by the density of the 
flow > » then noting that ~ v = 1, we obtain the so-called Bernoulli equation, 


which relates the speed and pressure of an ire aaa fluid with each other: 


oe oe 
The wee ~~ has the dimension of pressure 


Pe] - [peiet fey (3) 


which is called is impact pressure; p is called the static pressure. 


The sum of the static pressure p and the impact pressure ie ‘is called the 
total pressure. If the flow is totally decelerated. (when w, = 0) the static pressure 
becomes eyial to total pressure: Aa=Aato 

Pressure is expressed in eeyee ; ies in an density in kg/m? » and g jn 
m/encé. 

Static pressure is measured by means of a manometer stationary in relation to the 
flow or by meais of a manometer whose intake opening is parallel to the current (Fig. 


3a). The total pressure of a flow is measured by a tube fixed to the side of the 


suct, with an opening directed against the stream so that its face is perpendicular 
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ie : 
Fig. 23. Measuring the pressure of a Fig. 24. A Venturi tube. 
stream. 
a-- static tube; b -- Pitot tube. 


to the direction of the current (Fig. 23b). The impact pressure and the speed of the 
fluid's current ‘Ww may be calculated fror the manometer measurements of static and total 


pressure» 


A manometer tube -cerving to measure total pressure is ca].led a Pitot tube (Fig. 
23t). 


The equation of continuity (2.)) for an incozpressible fluid is: 


,S,=w,S, ee (2.21) 
or 
w1 52 
» 5S," 


The stream speed of an incompressible fluid is inversely proportional to the 
cross-section of the tube: the smaller the tube's cross-section, the greater the 
stream speed of the incompressible fluid. Thus, according to Bernoulli's equation, 


the less the static pressure: 
otis -i mi ()_ 4) 
: PrP 2% % & 
Measuring the static pressure Py and po and knowing the ratio of the cross 


(2.22) 


sections Sh it is possible to determine by means of formula (2.22) the flow velocity 
w, and the fluid mass flow G= 7w,5,. 

A variable section tube which serves for the computation of the local value of 
velocity or fluid flow is called a Venturi tube (Fig. 2). 

Bernoulli's equation is used, for example, in the design of fuel injectors, 
for iis congieatiey of fluid flow, and in the design of fuel supply lines. 

A flow of read liquids and gases is accompanied by various losses; therefore, 


“ring velocity or flow calculations involving either Pitot or Venturi tubes, the 
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correction coefficient 4 » determined by test, enters Bernoulli's equation: 


: (2.23) 
Density is expressed in ke/m? and pressure in ke/n?. The value of 7 » Which 

sakes into account the flow and shock losses, is called the tube coefficient. 
Example. Let us determine the discharge of a stream of gasoline from an ideal 

njector, if the excess pressure in the fuel supply line is 25 kg/cm? and the density 


of the gasoline is ¥ = 0.7h kg/Z = 7h0 ke/m?, Its velocity before discharge is 


onsidered as zero: Wo = 0 


Then, using the equation (2.20), we may note: 


on en / 2-9,8-25-10' 81,3 m/sec, 
1 740 


ection . The Law of the Conservation of Impulse. 


Euler's Equation 
The product of a mass of gas m and its velocity w, equal to my, is called 


omentum. 


If there are no forces acting upon a stream of gas, then according to the 


iird law of mechanics, the momentum of the gas will remain constant. 


During flow through a tube having a variable cross-section, or during air flow 


cound various bodies, the velocity and pressure of a gas stream + as. 


According to a well-known theorem of mechanics, the fluctuation of momentun, 
(mw), 48 equal to the impulse of the effective force. 


d(mw) =| dt, (2.2) 


vere f is the effective force, 
dt is the elementary small time interval of the effective force. 


We shall divide the gas stream into a segment having the width dx (Fig. 25). 


1e gas pressure on one side of the isolated layer is designated by p, and on the 
ther side by p': ; p’=p+dp; 


q 


(2.25) 
The mass of the isolated segment is 


dm—* Sdx=pS dx, (2.26) 


1 
where #7" is the gas density in technical units of mass. 


The force f, which acts on the segment whose mass is dm, is created by an in- 
crease of pressure dp: . 
fe Sdp. (2.27) 
For the time dt, the speed of the oes mass undor“coviitichation hill change 
by quantity dw, . 
The fluctuation of momentum is equal to the impulse of the force: 
oS dx dw=—S dpdt. (2.28) 
soe differentials dw and dp have different signs, since an increase of velo- 


city normal to the sides of the segment decreases the pressure. Consequently, 


+t. 


o_o (2.29) 


oa . 
Fig. 25. Developing the equation of the conservation of impulse. 
The product of density and the acceleration of a gas as is equal to the nega- 
du 
tive pressure gradient 22, 
The equation (2.29) expressed as a law of the conservation of momentum for thi 
During the acceleration of a flow of gas along a cylindrical pipe having the 


cross-section S, the law of the conservation of impulse ray be written as 
; . A dm—w, dm=S (p.—p,) dt, (2.30) 


} 
where w, and p) are the velocity and pressure of the flow at the beginning of the 
pipe; wo and po are the velocity and pressure at the end of the pipe; dm is the 
mass of the gas which flows through a cross-section of the pipe for time dt. 


Noting that 2 = G kg/sec, we obtain 


: + (w,0—2,0)=S(r.—P). (2.31) 


4 
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We substitute (2.4) in (2.3)and reduce it, by S: 


wt _ By _p,. . (2.32) 
‘, & 8&8 jae 


The ratio (2.32) occurs, for example, during the flow of heated gases in a 
cylindrical combustion chamber of a jet engine or during a sudden variation of 
pressure in a normal shock wave. 

The laws of flow continuity (2.l), conservation of energy (2.16), and conserva- 
tion of impulse (2.29 or 2.32) are used to resolve problems which crop up in jet- 
engine research. 

We notice that, according to Bernoulli's equation, the variation of pressure 
aaa ta to = » and, according to the impulse equation, proportional to 
ze e This apparent disparity may be clarified: the impulse equation in the form 
of (2.32) is only suitable for a cylindrical tube, when according to Bernoulli's 
equation for an incompressible fluid, the flow velocity is constant and the pres- 
sure variation Ap = 0. To omit consideration of S during a flow through a tube 
having a variable cross-section is not permitted, and the impulse equation in the 
form (2.32) is not correct. In the case of an incompressible liquid ( ¥ = const) 
flowing along a pipe which has a variable cross-section between S) and So, 
Bernoulli's equation will be obtained during the integration of the impulse equation 
in the form (2.29). 

Example: The speed of a gas heated ina cylindrical Scabiseien chamber in- 
creases from 80 to 320 m/sec. Find the urop in pressure if the starting density of 
the gas ‘Y 1" 2 kg/m. 


To find the variation of the gas density according to the law of continuity 


ay, OS 
| Vs Way S, Me 
According to the law of the conservation of impulse 


3 
Ft SO iad BOR inc 


| ~“T(z- 1) Fa (gr) ae 90a? 
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Section 5. An Accelerated Flow 

An accelerated flow occurs during the motion of a gas from an area of higher 
pressure to an area of lower pressure, for example, during discharge from containers, 
boilers, combustion chambers, etc. (Fig. 26). 

The flow parameters in section S) are marked by w,, py» Ty, and Yue. The gas 
parameters in section So are marked by Wo, po, T2, and Y2- Pressure is p,>po- 

We find the increase of the kinetic energy of a gas by the law of conservation 
of energy for a gas stream: 

Awe Aut 


; 2g Qe a 8 Pi 1 Ps a 


The decrease in the enthalpy of a flowing gas is called the heat drop h. 


If the heat capacity of a gas is constant through the entire possible range of 


temperature variation: c* const, then 


i A=t—i=c 7,(1—3)-- 2. 
. a . 1 bg e "\ q; 2¢ 2g e . ( 33) 
If the flow is réversible,.d.s.5° not-corompanicd by tho, tigcinekion’ of .energy 
in the presence of friction or shock, then the lowering of the temperature =2 may 
1 
be expressed by the lowering of the temperature, taking advantage of Poisson's 


ratio for the reversible adiabatic expansion of gases: 
ie) (4) =(")' (2.3h) 
rid) 2 if 

where v is the specific volume of the gas: v 2 

k is Poisson's index, equal to the ratio of specific heat during constant 


pressure C, to the specific heat during constant volume c,: 


ee ‘ si 
emer (2.35) 
According to the equation of a gaseous state: 
Pit 
pra (2.36) 


Raising (2.34) to the degree of & and multiplying by (2.36), we obtain 


k— 

Lae a (2.37) 
qT a : 

This last ratio is correct only for the reversibie change of a gas. Substi- 


tuting (2.37) in (2.33), we obtain 
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Se OT a a a a SS 


(2.38) 


Fig. 26 An accelerated flow. 


Heat content change, i.e., the enthalpy variation of 1 kg of gas, depends on 
the temperature Ty and on the relative variation of pressure ah not on the abso- 
lute value of the pressure. 

We find the speed of the gas in the S» section from the law of the conserva- 
tion of encrgy for a gaseous flow (2.33): 

= Eh wt, (2.39) 

The decrease in the enthalpy of the gas, the initial rate of which is equal to 
sero (Ww, = 0), is designated by h,. The temperature and pressure of a retarded flow 
of gus (the speed of which is equal to zero) are called the stagnation temperature 


and pressure Tp) and po) 


Av? . 
| y= =e, Tu[ (2) |. (2.40) 


Poi 


The velocity of the gas in section So may be expressed by the original param- 
eter of the gas by substituting (2.38) in (2.39) 


- er ate ope 
enV Meenli-(e) et (aan 


The terminal velocity of the gas may be expressed by the stagnation parameters: 


w= V/ 7. efrult—(2-)*]. | (2.42) 


Using equations (2.15) and (2.35), we express specific heat by the gas constant 


and Poisson's index k: “a ai 
6,=¢t, t+ AR= — 


i (2.43) 
Substituting (2.43) in (2.42), we obtain 
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Ven 2F | ~(2)*]. _ (26h) 


The last formula is often used in computations of the discharge speeds of 
gases from jet engines. 
With an infinitely large initiel pressure (p)O° ), or with an infinitely 


small terminal pressure (po? 0), the speed of the discharge reaches the maximun 


2ek 
tf 2 f ee (2.h5) 


Moreover, the temperature and enthalpy of the gases falls to zero: 
a--1 


rena) 


possible value Wax? 


i) 
4 oot 


The energy of the chaotic movement of the molecules changes entirely to the 
energy of the organized motion of a gas flow. A maximum discharge speed is unat- 
tainable in practice, because the pressure and temperature of the gases are 
ESF Maite Quantities. 

The relationship of the increase in kinetic energy of cae €0: the enthvipy.?" 


of deceleration is called the efficiency of the discharge e process Ny, ? 


 *= Aw; —la—h T2 
Fee ae ae (2.16) 
During a reversible discharge 
: at a 
yal a) me 
/yal—( (2.47) 
With an increase in the relative pressure drop during Siecharge; » the 


P2 
thermal efficiency of the discharge process increases (Fig. 27). With an increase in 


the relative drop sa of one or more units, the thermal efficiency rapidly increases, 
but after exceeding ok by several tens of units, the rate of growth Ny is retarded, 
because Me se aanteeeaniy approaches one. Therefore, itiis impracticable to) ire 
“erease the relative pressure drop in order to achieve greater discharge ‘sneeds;‘ up 
to 100 tor tore. 


P, 
With the increase in the relative pressure drop as the density of the dis- 
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charging gases ¥ g decreases: 


a 1: 
mere (-2t)* Por [e)* (2.48) 
Is ta(2+) RT, (= : 
The gas discharge through section 8S, is determined by the continuity equation 
(2.4) with consideration of (2.hh) and (2.48). 

~ 4 , SSS ti«‘CG 
as at [inyr (a) | * (2.49) 
somens—Sve) Gg te|(2)*-(22)* | 


SS 2 eet eh eer oe ee + 


Fig. 27. The dependence. of thermal efficiency on relative pressure drop. 


The gas constant R is expressed in peas Wo in m/sec, To in degrees Kelvin, 
Po) in kg/m?, and So in m@, Discharge is measured in kg/sec. 

When the pressure before the discharge pp) increases, the gas density {2 
‘aitxents.end‘the discharge G° grows, With an increase in temperature Tp), the 
density Y 2 decreases and the velocity wo increases proportionally to vty . 
Therefore the discharge varies in’inversd-proportion to¥ Ton, ‘i 

Example. The pressure and temperature of the air befare the discharge: 

Po, = 16 kg/cm? ; To, = 600° K; wy = 03 g = 9.8 m/sec’; k = 1k; R = 29.3 kg in/kg deg. 
Find the velocity, density, temperature, ard discharge of the gas for two cases: 


when the pressure at the outlet po = 10 ke/em@ and when po = 2 ke/em?. 


P 16 
a) The relative drop Fe arr 1.6 


The discharge velocity is in accordance with (2.l)) 


> 
19,6-1,4-29,3-600 1 ia 
(4—1) 1-(76) = 


= 4,7 1 60-0,306=604 11/886, 


Density 
u 


1 
At Ps 160000 __ (4)" 91 
© RT a). "29,3-600 \1,6 = Ph H6.ne/m» 


The discharge through a unit of a section 


“Sate = 604-6, 113700 ke/eco-n?, 


b) If the pressure were to be rcauced to Po = 2, then the discharge velocity 


ee 


wna m f = (2) Plas Y 600-0,419 =733 m/sec. 


the’ sanity of the exhausted: air would then decrease: 


would increase 


‘She disvbharge per exhaust cross-section wit ‘would ‘Abt ‘tncrése but: ae". > 


ePeasel ~ 
~Lu33-2,06=1510 kg/secem*. 


It is clear that with a decrease in back pressure, the discharge of gas cannot, 


in fact, decrease. The solution of this contradiction is set forth in paragraph "e." 


Section 6. Critical Flow. Reduced Velocity 


Let us consider a flow of gas from a reservoir, where~-when wy)" 0—the stagna- 
tion pressure is equal to Poe intd.a container where the static pressure is equal to po 
(Fig. 28). Let us assume the parameters of the gas before the discharge Po)? To)» 
and Y oi remain constant and the back pressure Po decreases. (This may take place 
A? the gas tis evacuated irom the recofving/cortatnes Js: te [Net nae 

If Po ™ Pou, the discharge of the gas G = 0. 

With a decrease in pressure P.» t’.e discharge first increases in accordance with 


equation (2.49). This discharge increase during large pressure drops depends on the 


BP 10) be a 


increase of the discharge velocity wo (2.hh). The change in density of the gases 
during minor pressure drops is insignificant. 

If the pressure of a discharging flow were to decrease lower than a certain 
limit, the decrease in the density would seem to be greater than the increase in 
velocity and the discharge of the gases G = Wo¥ 050 would begin to decrease. In 
fact, with a decrease in back pressure, the discharge of the gases cannot diminish; 


a certain mayirum pressure is established in a discharging flow. 


| qf 


Fig. 28. Solving the formula of a critical discharge. 
Legend: a) to the pump. 


The pressure in a flow.in which the discharge of the gases turns out to be the 
greatest is called the critical pressure p,,.- 


We identify the relative pressure of the discharging gases by x: 


Km 2. 
Pot 


We find the relative pressure drop Xors at which the discharge of the gases will 


be maximum, hy equating to zero the first derivative from the radicand of the expres- 


sion in the discharge formula by x. 


af tek 2 HYD 
dx [eta (= “ae a0: 


Differentiating, we obtain 


From this 


(2.50) ( 
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The pressure of the cascs in the cischarsing flow cannot be lowered rore th: 
c Bing 


The lower the Poisson's index k, the lower the critical pressure drop (see 


Table 2.1). Thus, when k = 1.) 


Pe “9” 
when k = 1.2 
i 7 ; 
Poi = 12 -f- 1 2 Zz 
es ( ee 1,77 
Critics] teor ttre drep: 
k-1 
fae (Jt) * att! (2.51) 
7 xp Pup 2 : () 
Critical density drop: 
La sat 
‘on ma (POL)* (EEN, (2.52) 
Tap Pep 2 : 


If the back pressure is less than the critical pressure: Po <P oy» then the 
pressure in the flow will be equal to the critical value of Pass 
The discharge of the gases will have a maximum value. Substituting (2.50) 


in (2.49) we obtain 


) picecens 
m= PoSyif att [2/2] 


but 
a+! 2 a+i1 
2 ( 2 ye 2 “1 2 / 2 \bei 2 2 \F 
k—illeyt fe 3) Saal + reat fea 
Consequently, 
ig Oy=V (2 ‘a \eET or Sep Por Sepp Pa Sep (2.53) 
F) To VT — 


The coefficient B depends on the index k (see Table 2.1 in which it is calcu- 
lated for R = 29.5 «g m/kg deg C). 
The velocity in the critical section wage is in accordance with (2.4) and 


(2.51): 
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Iie, arte 
: Wy= /? _—_— ¥ Lely = Qa, 


k+l 
(2.5h) 
since 2 
ey a= 


~ 


The equation V kT, = 4 represents the speed of sound at tenperature T,».- 

The éritdcal: velocity of tha digsharze 4c equai to the snrxcd of the local speed 
of sound, 

During the decrce-se of back pressure Po whe velocity of the discharge increases 
until it is not cavrl to the lees enced of count. 

The changes of pressure widcn in a gas at the speed of sound. If the velocity 
cf the discharge reaches a sonic value, then the subscquent variations of back pres-~ 
sure, whose impulses travel upstream against the flow with the speed of sound, do 
not reach the internal area of the reservoir, and the discharge of the gas ceases to 


depend on the subsequent pressure drops. If the pressure before the discharge is 


au 


larger than critical: pee ; 


a » then the pressure in the flow p,. proves to 
P2 : 


be greater than the oack pressure po} Pyr> P2+ At the nozzle outlet the stream of 
gases suddenly expands. The expansion of the flow during a supercritical discharge 
is clearly seen, for example, as in the form of a smoke cloud formed during firing 
guns. 

These supercritical phcnomena are observed during the discharge of exhaust gases 
from the cylinders of a piston engine, during firing guns, during the discharge of 
gases from containers, and during the operation of jet engines, if the pressure ex- 
ceeds that of the atmosphere seh than 1.89 times. 

If after the critic .l section Sop the pipe widens, then the gas pressure will 
continue to fall, the density will aaasd, and the velocity will increase and be- 
come greater than the local speed of sound (see Chapter y). The acceleration of a 
subsonic flow occurs in tapering pipes; thal of a supersonic flow in widening pipes. 


The greater the ratio of the section under errr to the one that is critical, 
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and the greater the relative increase in the 


, P 
the greater the decrease in pressure 
cr 


velocity of the flo... 


The ratio of the flow velocity w to the critical velocity a is called the rela- 


tive velocity A: : a Lee 2 
. 288 pr (2.55) 
0 
k+l 


Utilizing (2.4) and (2.55) we can express the relative velocity by the ratio 


of static pressure p to the stagnation pressure p,? 


t-1 
eV tt 1—(?.] k |. (2.56, 
‘ f— 1]. fe 
Dudas th Coc eae oi oe fe Ot See : Ps vl 
b. we eee, yioteible § Ive A pave 
ey / EF 
a k—1 (2.57) 


The maximum possible value of the relative velocity depends only on Pcisson's 
index (k). When k = 1.h, max © 2.45. With a decrease in k, the maximum relative 
velocity increases. Listed in Table 2.1 are the functions of Poisson's index (k) 


which are encountered during gas dynamic computations. 


TABLE 2.1 


FUNCTIONS OF POISSON'S INDEX k 


~ 


k 1,40 1,35 1,30 1,25 1,20 1,io | 1.2 


1,200 1,175 1,150 "125 1,100 | 1,075] 1,050 
kt 
=) 1,89 1,863 1,83 1,80 1,77 1,725} 1,70 


k—! 
=) 1,575 | 1,585 | 1,592 | 1,600 | 1,610 | 1.6151 1.62 


| Pera 3,50 3,86 4,33 5,00 6,00 | 7,67 {11,0 
| 6,00 6,72 7,67 9,00 | 11,00 {14,35 [21,0 

kal 
| —--- 2,4° 2,59 2,767 | 3,00 3,31 | 3,79 | 4,58 


kt 
Vie Gai 2,14 | 2,11 | 2,08 | 2,06 | 2,03 | 2,00 | 1,98 
B (R= 29,8) | 0,394 | 0,389 | 0,383 | 0,379 | 0,374 | 0,368] 0,364 


tek 
V's 0,623 | 0,617 | 0,613 | 0,609 | 0,603 | 0,598] 0,59 
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Example: The pressure in a jet-engine combustion chamver is Dy = 5 absolute 
atmospheres (ata), the temperature T, is 2,200° K. Find the cr.*ical pressure, 
temperature, velocity, and discharge through a unit of a section, if k = 1.25 and 


the gas constant is 
_ R=” ken/kg dos. 


The critical pressure : 


a—t 5 
rom] Pom ——=2,78 aba, 
} 1,8 
The critical temperature 


Tp To Se ae = 1969° ik. 


b+1 °° 1,125 


The critical velecity 
a=) gkRT yp =)" 9,81-1,25-30- 190u =846 1/ sec, 
The critical density 


2 \t-! 2 \*-! po 5-108 ee 
pi Cie aera riage! and eg rat ie = ae ee ee 4 f 3 
Le Fa a a) RT > 1,6-30.2200 0°49 Kes, 

The discharge per unit of a critical section 


G Po _ U,376-5- 104 2 
—=B--=>=—;=—— = 10 kg/sec.m 
Su Ta yo 200 g/sec 


The discharge may also be determined by the continuity equation 


ed 


, 


G i 
= = Gap = 846-0,473 = 400 kg/ Seems 
a 


Section 7. Adiabatic Flow with Deceleration. Mach Numbers. Gas Dynamic Functions 

The velocit; of the air entering the diffuser of an air-breathing reaction en- 
gine is diminished. We shall investigate how to compute the change in the parameters 
of an air flow during a decelerated adiabatic flow (Fig. 29). 

The parameters of the flow in section 5, are identified by py, T), 81> and Ww); 
the parameters in section So are identified by po, Toy Yo, and wo. 

Decrease of velocity occurs under the action of a force opposing the motion. 
Therefore the gas will move slowly only in the event that the pressure in the stream 
increases: Po > Dy - 


According to the law of the conservation of energy, the decrease in velocity 


is accompanied by an increase in enthalpy and in the temperature of the gas: 
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Fig. 29. A flow with deccleration. 


. . “7 y 
ae wa Fe acta _ (2.58) 


Assuming ttat the specific heat of the gas cy is constant in the entire range 


of temperature 


Ty 2gepTy wR (2.59) 


When the gas is cumpletely decelerated; w, * O, its temperature increases to 


the stagnation temperature: 


oi k—1 wy 
a, oan (2.60) 
When k = 1.l: and R = 29.3 kg m/kg deg 
, AT=T. patel a (2.61) 
i = log sy 2 gkR 2000" ‘ 


Equations (2.69-2.61) correctly express the increase in flow temperature only 
in the event that its initial velocity is not too high. When w,> 1,5000 m/scc, 
the stagnation temperature becomes so great that to disregard the variations of 
specific heat appears to be impossible, and the equations obtained with the assump- 


tion that c,; © C2 become ‘ncorrect (see Chapter VI, Section 6). 


pl 
The product gkRT,, which enters formula (2.59), represents the square of the 


speed of sound at temperature Ty 


je =VERRT,. (2.62) 


The ratio of the velocity of the stream w to the local speed of scund c, is 
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called the Mach number and is desoted by the &7:.bol M: 


2 es 
Me Y gkRT * (2.63) 


{ 


The increase in tenocraturc during deceleration, as indicated in the equation 


(2.60), is proportional to the square of the Mach number: 


To uy pt! ye 
ae area | (2.6h) 


If there is an adiabatic reversible flow process, e.g., is not accompanied by 
a cissipati« i of energy, the increase in pressure during deceleration may be found 


accordinz to the inerce7e in texperature, using Poisson's equation (2.37): 
h es 


—, 


oa pe Pa 
P T ( 2 ‘*) 


(2.65) 


The last equation expresses the increase in pressure during the reversible 
process of a compressible fluid. Expanding the equation (2.65) in series and limit: 
ing the first two terms of the expansion, it is possible to bring it to Bernoulli's 


equation (2.20), which is correct for the deceleration of an incompressible fluid: 


t ‘ 
Po. = ko ae k-1 k 
( P Je. (1 - t= 1M) =] ay M?=!1 


gOP stg Ns 
2gRT 2ep 


‘co / 
{¥hen the initial flow velocity is given, the increase in precowro wr 60 


~ 


during deceleration of a compressible fluid has a greater value than that of an in- 


compressible fluid (Table 2.2). 
TABLE 2.2 


ewe 


\ DECELERATION PARAMETERS FOR REVERSIBLE FLOW k = 1.) 3 


M 3,0 4,0 | 5,0 
To 

Jo: 2 2 6,0 
é 8 4, 

Po. 37 150 528 
P 

ee) 7,3 12,2 18,5 
Pacen 
Te 1,13 | 1,575 | 4,34 13,2 | 36 88 
| A, : 7 


2 PAR mest ye. 2 


During M>1 deceleration of the flow occurs in a tapering pipe, because the 


Sad 
relative density increase 12 is more significant than the relative decrease in 
‘ cae f | 


velocity "2. 
bad | 
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(2.66) 


p In the narrovest section, the volocity of the flow is equal to the criticai 
value, e.g.; the local speed of sound (Fig. 30). 


2ekR QeicR = (2.67) 
Ww .=a= pat hhh ay A 
up rae ee af Ar (14 Mm). 


The critical velocity resulting from the last equation grous with an increase 
in the initial ach number. 

If the pressure at a critical coveicn (throct, ) contirets to ineresss: Po™P 
then the flow will be cceoupciicd by a cubscquent Cocleration apc ance. cute Ln Lies’ 
pressure. If the pressure Po is less than that in the critical section: Po <Poys 
then the flow will be accompanied by an increase in velocity and the temperature and 


static pressure will fall. 


oS Sxe 
7 rr ly 
W, W Ww; 
* Py Pie” 


a ne Dy 
Fig. 30. * Iuctlating the sneue of roversib{ lity of flow... 


During adiabatic flow the stagnation temperature along the entire pipe is 
constant: 2 ‘ 
. A Avy ; 
pTo= it oF =: ig + aes const; 


| rer(usts! i)= 7 (1+%= tm). 


During a reversible flow process, the stagnation pressure along the entire 


pipe is also constant: aes 


ee ee ee 


a a. 


Po=pi(1 $< Mi) =~(1 144 may 


If the static pressures in the sections Sy and Sy are equal: p, = Po» then 
during a reversible flow process, the velocities in the sections S, and S5 are equal: 
Wy * We. 

In the presence of friction and shocks, the velocity after the ¢ ffusion of the 


flow up to the initial static pressure po = p; will be less than tle initial velocity: 
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Wo<wj; the kinetic energy cf the gas will dissipate. The rativ of the deerease of 
the kinetic energy to its original value serves as a measure of the irreversibility of 
process. During irreversible flow the entrocoy of the gas increases. 

, The grv.t:. tho static temperature in a given section of pipe Ty and the local 
speed of sou:.d O=VEUT, , the less the local gia es the velocity Wey if the ini- 
tial velocity is constant: ww, = const. Therefore, in order to find the local value 
of the Mach nuxber, I, one must first find the local temperature T;- The stagnation 
tesprrature is conctent for the entire flow: qe = const; conseovently the critic) 
velocity is also consicnt for all scectiors, Thercfore, in so. > cuces it is hore con- 
venient to use the relative velocity }, than the Mach number M. 

The relative velocity and the Mach number are wicualyicclalsd te: Lach other. 


Utilizing (2.62 and 2.67) we obtain 


From this 
d= art, (2.68) 
; ar Ty 
or = e 
M=17/ . 
&+ IG (2.69) 
when N= 1, A = 2. then M0 ile 


k—1° 
The dependence of the relative velocity on the Mach number for various 
values of Poisson index k is shown in Fig. 31. 
The velocity head q may be expressed by the Mach number or by the relative 


velocity and atmospheric pressure P, . 
; eas Tatra _ 


rT 4 eT,” 
Using (2.63) or (2.55) we obtain: = 
_t 1 ok Ho (2.70) 
I= 5 eae eae oe ‘ Py. 
eat’ 


F-TS~9740/V 48 


XN 
——_— oe, 


Rees ar 
Uae 
i 


oh 
——— oe 


af 
‘| 
[ ‘ 


Fig. 31. The Dependence of A on M for various K. 


va 25 Rear arr aes bighe, weg 


édnemekivz usdcsf the basic flow equiticn, 0° OL to 


tidn parameters in tercs of rcl, bive velocity. 


Aw’ 
Cyl o— Cpt = OF ° 
From this | é ; o % 
To 2g¢pTo 2gkR 7 k+1 


r—l° : 


The relative variations of temperaturc, pressure, and density during a deceler- 


ating reversible flow process are dependent only on the relative velocity of the ad- 


vancing flow and the k index, and are called gas dynamic functions. 


at k~-1,,: 

. ee ere a (2.71) 

Q= 2% (7 Caron (2.72) 
z 4 2 

sG)=ta(-P) = [2 (a)) | (2.73) 


The discharge of gases through section S, in which the relative veloci.y is 


equal to), may also be expressed by gas dynanic functions: 


G=iSw=P- Sad.= / —_?8k _ Sp,bs (1) = 


(& 4-1) RTo 
ay/ ——2er ). 
V wenar 9°) (2.7) 
’ Here ba? 
k—1,,\F1 
90) =e Q)=2(1- 25} . (2.75) 


When 2.> 2.3, and To 2,500% a significant dissociation of the gases occurs; 
the k index may not be considered as constant, and the formulas of gas dynamic func-~ 
tions ceozse to be accurcte. 

Graphs of ges dyn dc functions at. | af values of k exe incluc.d at the cnd 


of the book (Fig. 20-208). 


Section 6. The Reaction of a Flow on the Side of a Pipe. Jet Thrust and Additional 
Drag 

The air-gas flow in any ramjet engine flows through a tube of variaodle cross- 
section area (Fig. 32). The .mcunt of flow of a gas per second through the section S 


is equal to -Gw _ Syw? 


_—_, 


if & 


This amount of movement, or impulse per second (impulse for short), is equal to 
the force with which the gas will act on the tube from ceceleration to a complete 
stop. 

If the flow's static pressure in section S is equal to p, then the pressure 
force which acts parallel to the flow upon the section in question is equal to pS. 
The total impulse of the gas flowing through section S 1s equal to the sum of 

| PB ps. (2.76) 

If the flow did not exist, then the force of the atmospheric pressure p,S would 
act on the section in questicn. 

The difference between the deceleration force of the flow F and the force of 


the atmospheric pressure Pro is called the excess impulse F sab 7 
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r 


G ‘ 
Fag=—+S(p —p,). 


(2.77) 


Fig. 32. Graphs for flow reaction calculation. 

The gas impulse varies if the flow takes place in a pipe of variable cross~scc- 
tion, and also in the event of increase of dissipation of energy. The variation ofthe 
impulse is equal to the force with waich the sides of the pipe act on the gas. Ac- 
cording to Newton's third law, a flow acts on the sides of a pipe with a force equal 
in value, but opposite in direction,to the force of the reaction Ky. 

The reaction of the flow on the sides of a tube between sections Sy and S}, is 
equal to the differences of the impulses: 

. N= F,—F=(2 +95) — (2 +05) (2.78) 
& ‘, & I 


The reaction of the flow, as B.M. Kiselev first indicated, may be expressed by 


the relative velocities 4 and ry, ‘ 


The total impulse of a flow in any section of a tube is equal to 
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os 
ra) (2.79) 


Utilizing the ecrations of corposition and ratio (2.71) and (2.5), we obtain 


ktd of) f=! 

deme T= —t=3)2 —-~—— }f], 

R RT,(1 a4 )= mn a*(1 rar ) (2.80) 
Consequently, 


Fa 7 lo + tht oe a) 


a ae (+5). (2.81) 


The reucvios of tle flo. is 
Ry = Fi—F,. : (2.82) 


Using the ratio (2.81) we express the reaction of the flow on the sides of the 


m= [Sreo (+ Teo 2. (2.83) 


te eee ee 


The last equaticn was developed by B.M. Kiselev. 


tube by A: 


The temperatures of the flow and the masses of the gas in sections 1 and h, 
generally speaking, are different. Therefore, the stream parameters, a, ‘A, G, and 
< in the various sections are not the same. The indexes "1" and "4" refer 
to. .all the parameters of the gas which depend on the temperature. 

Relative velocities at the inlet of the duct and at the exhaust depend on the 
zeometry of the duct. 

In some cases the parameters at the inlet to the duct are equal to the param. 
eters of an undisturbed flow. Then the index "1" in the second term of Kiselev's 
‘ormula is replaced by "H." 

The critical velocity, a, depends on the stagnation temperature. 

Substituting a for its value, we obtain 

1-0 oy/ Bhan Rr +3] [oy/ Veter (+2)] ey) 


Let us compare the differences of the right and left portions. 


= kgmdcz oath k 
(R) -|¥ kg deg m (kel. 
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The calculation of any jet engine is reduced to the calculation of the dis- 
charges, velocities, pressure, and stagnation tcuperature at the inlct and exhaust 
sections. 

The impulse of gas, flowing at the speed of sound, i.c., during % = 1, is 
Called the critical impulse Fupe On the basis of (2.51) it may be described as 

og —!+1 Ga . (2.85) 

The ratio of the impulse during a nee of supersonic velocity A >1 to the 
critical jv owls Fes De Cog ths ek CE es eie Gy A ee ie er 6g. a Fite (2%) 
end (2.65) we find 

asp =a (tta)=y (2.86) 

The coefficient of impulse increase_reaches its maximum pcssible valuc when 


k+l 
eden =|/ tt 


C2 max; rn 

Knowing the impulse of the flow, one may find the thrust of an air-breathing 
jet engine which operates on an internal stream of air (see Fig. 32,b). 

Let us assume that the bounding surfaces pass in front of the engine at a dis- 
tance at which its disturbing action is insignificant (surface H -H), and in the 
plane of the exhaust nozzle (surface  - ). The section of the tube through which 
the air-flow penetrates into the engine we shall denote by Sy¢ 

The impulse of the flowing air acting in the section S, in conformance with 
(2.76) is equal to 7 

Fy SE +05, (2.87) 

This impulse is parallel to and in the direction of the moving air. 

The impulse of the exhausting gases in section Sh, is equal to 

Fy = S$ pS (2.88) 
This impulse is also directed in the direction of the moving air. 
The force of atmospheric pressure acts on the contour H-l-l-H. 


The integral of the atrospheric pressure forces on a clcsed surface is equal 


to zero: 
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f p,dS=0. 


. 


The contour under our consi¢c_ration has ae in the inlet and exhaust areas of 
the tubes of flow, th: sections of which are equal to 5, and Sy The integral of the 
force of atmospheric pressure on the external surface uf the contour in question is 
equal to § D, dS=p, (5—S,). 

(2.89) 

The foree of tha eteuscprcoric pre--yre acts in a direction from that sido of 
the contow tuich hes the dees sr openi.g Ey, to thet sides wolen hos the Levgei opie. 
ing Sh This force is directed from S, to Shy that is, with the air movement. 

The growth of the total impulse of the flow tozether with allowance for 
the pressure forces is equal Pe the force of the reaction or the jet thrust. R: 

» R= F,—F,— fouds. | (2.90) 

Using (2.87), (2, 88), a (2.89) we obtain 
B= + p,S,— Site — p,5,— py (S.—S,)- 


| 
After opening the parentheses and reducing the similar terms, the last formula 


becomes simplified: 


- 


_ a= a a = +S, (P.—P,):: (2.91) 


In the particular case, when the exhausting gases accelerate until the back 


‘pressure Py, & Pps the jet thrust is squall to: ; 
a— 4 a . 


(2.92) 
During the movement of air ticoueh < ens stream tube, its momentum be- 


tween the sections Sy and 5 , diminishes. The loss of air impulse produces a rise 
in drag force Xaop* The force of additive drag which appears during decelaration of 
the air ahead of the inlet in an air-breathing jet engine, is equal. to the difforence 


between the surplus impulses at the inlet section (F))4,, and in the undisturbed 


stream (Fadsep 


~~ 
‘ 


So [soa Fi)aos— Fada = S12" +S, (Py —p,)— Es, 
es : (2.93) 
Utilizing the equations (2.76) and (2.77), one may change the surplus impulscs 


« 
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to total impulses: — 
| Xgoa=F,—Fa—Pu(S1~Si).- (2.941) 
Additive drag is neasured exporincntally (cec Chapter IV, Scction 2). 
The difference batrecs jet thrust and edditive drag is callcd the effective 
thrust R err? 


© Meg =B—Xyea= Fe Fa Pals SI) Xaon= inee 
=F pF Py (S,— 51) = CoP (S—S))- 


The forec of acrodyr--te thrust X acts on the skin of an vrcotled enzinr. 


The CUPP 5. ce Pot Re ete ee AS ORI ee oh ah pe ee nes ep eRe = eS 
drag on the skin is callcd the now thruse cl cu i ek TG ik er 
ane = a a Sacer aaa Cit 

Rance =A — Xyon— X. (2.96) 


Aerodynamic skin drag Ss determined by experji:ental wind-tunnel tests. 
Examole: Let us find the reaction on the walls of an engine duct when the 
speed Vy * 3,600 km/hr, if the cross section of the enclosed stream 5S, = 1 nm, the 
flight altitude H = 20 kn, the stagnation temperature before the discharge 793 z 
2,00° K; during this temperature k = 1.25, the relative velocity at the exhaust is 
equal to 96% of the relative velocity at the inlet. 
At the given altitude the temperature is equal to T,,- 216.5° x, the density 
Tn * 0.088 kg/m, the pressure p, = I. mm merc,col. = 1 * 31.6 = 55) ke/m*« The 
velocity W, = 3,600 kn/pr = 1,000 m/sec. 
The stagnation temperature of the advancing flow 
Tou=Ts -+- wa 16,5 file 5° K. 
000 ama 


2000 2 
The critical velocity 
any/ Aho /19,6-1,4-29,3 . 


jae -/y 74 716,5=18,5 7 716,5 = 490 r/sec. 
r Eons A . 
. the vexctives. locity at the inlet 
i tty =: 1000 
one = -—=2,04, 
ea 490 2 


The discharge of pases (disregarding additional :ue1) 


1 Gg=G,=wyyS,=1000-0,083-1=88 ke/sec, 
The relative velocity at the exhaust 


Ag = 0,96 1, =0,96-2,01=1, 95. 
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‘The reaction ‘on: the ‘sides: of the: > engine duct we determine. ty the: formula: (2s 84): 


Ae [TBR 29; 3. yf 2 % 
V iseios 2400: (us SH 1 )y/ js 


xt O44 - sail sera = 


<n A 


_ Shook Maves: ae OS 


in. practice; the deceleratdon-of a supersonic flow isnot reversible. | if the 
ines of the —— on bs a around! gone. or setter aided greater. than. the 
ined bodys the yveloot ‘ey dos not change gradually, with a juxp ee a5). The 
a ‘Pressure: density, ‘and temperature: ‘also. dnerease :as: suddenly, | 
This: ‘sudden. ‘change ‘of: ‘the parameters of a. supersonic: flow is called: conpres- 
lon tave: wave’. ‘The etze: of the: shock layer in-which the change. 0° the. gas parameters 
occurs is not.larges it-has:the lengtti of a molecular frée path. 
The ares Of compressed aif following ‘behind the: jump de called’ a, shock ‘wave. 
‘Bren at transgonic specds of a. flow, the density difference of a shock wave in an: un- 
disturbed stréam is: large enough so that. the surface -of the wave can: belindcistirct 
GANGA Bibtine Gr by. Schideron photography: (Fig, 3h)s 
~~ “Phe ceason for the-ordgin, of shock waves. follows, ‘The comparative, velocity of 
a flow-or gas-in front of* the: nosé of a: body. 1s: ‘small; the pressure of ‘the flow in- 
ereases. Thé gas’ approactiing the nose-of. the body moves slowly. An impulse trans=. 
adtted ‘by: the body ‘to the. advancing gas: radiates. along the: top of ‘the stream at the 
speed: of sound: If the velocity. of the. motion is subsonic, the masses of the on= 
conding gas have time to obtain the "news" beforehand about the approaching body dn 
the form of a pressure impulse, and the velocity of the gas begins to change in 
value and in direction. The stream lines of the flow warp, and the gas flows 
smoothly around the freatal surface of the body (Fig. 33a). If the approach velocity 
4s greater than the speed of sound (M>1), the pressure impulse, moving at the speed 
of sound, does not have time to reach the oncoming gas massfc,: Thordéforeybiie-nset~ 
ing the frontal surface of the body, the gas decelerates suddenly, within the span 
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Figs 33s. Pressiire:’ Variation: da, front. tot Fige 3h. Photographs: of shock waves. 
: the: nose: of ‘8. ‘bidyis: 2 4 a: normal shock,.:M. = = 1653: 
b =< oblique: shock, M30. 
of the averdgé molecular free-path. At. the same time, a surface:of ¢ontinuolis.-dis- 
wuptlon-oF @ shock iave ig fortied. ‘The velocity of the gas flow as.awiole (macro- 
scopic velocity): decrvases, and: the: speed of the irregular thermal mévenent’ of moles 


one eaiucsaues asi ‘the area, of the.-shock hi Ancreases,. owing to: id 


pera ate! 


ee variation of the gas parameters in a shock wave depends upon the Mach 
number of the oncoming flow and upon the form of the streamlined body (see Fig. 3h). 


During the approach of a supersonic flow to the surface that is placed normal to the 


flow (Fig. 34a), a normal shock wave appears. During the approach to a surface, 
located at an angle to the flow, oblique shock waves appear (Fig. 3ljb). 

The larger the Mach number of the advancing flow, the greater the relative 
variations of speed, temperature, and density, and the more intensive is the jump. 


The deceleration of a gas in the jump, accompanied by the shock of the advancing 
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gas-on the. already decélerated £45 and the dissipation of energy, is irreversible. 
: ‘therefore 3 during thé coriputation of pressure. variation in a jumpy Poisson's equa~ 
: ‘tion, which by right.is only vata for a reversible process; cannot be used. The. 
Warlation-of the parameters of a gas. ina. jump: is calculated by the equation: of the 
continuity of flow and: by: the laiis of the. .cornservation.of Ampulise and-energys 
The more ‘Simple relationships have application in describing normal. shock waves. 


Section. 10. ck Nornia2. ‘ShockWave. 


rf eee kee 


‘The paraneters. of the “wit in front of. a normal shock wave ‘are Aci i 


term to ae, 


index: WH"; the paraneters - of ‘the air behind the: shock, wave are Brevi. ‘by. Ie ee 
#2" 

‘Thé:impulses. of the flow in front. of. the: Shock wave and: behind it are equal to: 
‘each. others, becaiise the reaction of a. flow on the cylindrical walla of 2 tube of flow 
te equal to zero (Fig. 38). ~ | | 

. i ASR. | (2.91) 

Uti etig: Kiselev's formula 2 (2.60), ee find the ratio: betwéen: the: relative 

velocity: in front:of the shock ‘wave and: behind Lt, noting that ‘the stagnation ten~ 


‘peratures: and, consequently, ‘the critical velocities in ‘the: shock “wave: do: not. vary 


“Tag: . foi iy ta and the aischarge of the ait 19 constant: 


ya we 


! J Reb 4 1, } attted ar 


ite 
Whence | 
= y ao : (2.98) 
"Jaman. Qa—t)=0, (2.99) 
The last quadratic atten has two roots: A, 1" =X n3 the flow occurs with a 
constant velocity, the shock wave is absent, and 
| : MAE Mae (2.100) 
The greater the relative velocity of the advancing flow. n» the less the 
relative velocity behind the shock wave ) 1° The shock wave appears only during a 


supersonic flow: n> i. Consequently, the flow behind a normal shock wave is 
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alvays subsonic: . A ad as 


The. absolute flow speed behifid a: normal shock wave 


* ftoyah, 8 a 2EkR Toa ; (2.101) 
a ns eS 


With an increase in. velocity, the. stagnation temperature Toa grows. The ten- 


perature behind a ‘normal shock wave Ty iss : 
Neh Qy=t. $04)’ (2.102): 
+A): . 
: ae sd ee 
Tri RE ee 
eo pe (2.103) 
\ Ks We 22 
eee , i oo 
A Caauen: i; 
; i 
&. 
Mr 
Tye < ty » \ 
: Pi FB, ee 


Fig. ee Ds ‘agram of a ‘normal: shock Waves 
‘Legend:. a) ‘shock: wave © 


“We. find. ‘the: stagnation p ‘pressure behind: a normal shock wave by the. discharge 
formula. (2s7h): 
oe 


ttt an) 
Whence 
pum tap, ed) RO 
Pu=Pu Pa ay 
_ Pea Pasa yet) Pa Oude) Be ST 
and ee | 
Lieb in ie - 
ve teh ite Lye | ay 
a — i) ( ie) oe os 


The last formula is called Rayleigh's formula. 


The ratio of the stagnation pressure behind a normal shock wave to the stagna- 
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tion pressure of the advancing flow Pon is called the recovery of pressure in a 
horial shock wave G a 


whe 


O5)= (2.105) 
. 1 : 7 ; ; ; 
Static pressure behind’a normal shock uave is 
Pe rot ; 1 a Qn)ean) t) 
- Se Be 
oa) a (2,105) 
7 "= Qa) i— ft bool no dame 
‘G “fi “1 
Subsctitsting 17, in the plac: of aA ne eecerding to formula (2.70), ve obtain, 
after some modifications: 7 pans 
ese ee (2.107) 


‘We. find: the relative density increase in.a normal shock wave ‘from 


equation a ae " 

alll Oa _ Mi Bin y2 

‘ 7 a ae ah : ¥ Me. ue : 

‘ we % Bek 7 o 2. _ LL. 8 on et (2.108) 

Khon the moxinum possible value of the relative velocity of an advancing flow 
3 keel. 
ig 023.0" part 4 
: (2) tt! 
: Ta Joo k~1° : (2.109) 


‘Phe density in a normal shock wave may be increased not more than xs times. 


When k © 1.4, the moximum possible density incroase is equal to six. 


-1 
k+1 
The parameters of the air behind a normal shock wave plotted as function of 


The velocity in a normal shock wave may vary not more than X= times. 
Mach number are shown in the graph of Fig. %. 

If the Pitot tube be placed in a supersonic flow, then a normal shock wave will 
appead in front of its inlet opening. The relative perssure ‘ncrease in the tube will 
be expressed by Rayleigh's forma (2.10), The Mach number of the flow may be calcu- 
lated from the pressure increase. A Pitot tube with a mtallic manomter whose scale 


is graduated in Mach numbers is called a machmeter. Machmeters are installed in wind 
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we eet Se 


asl 
*— 


(> 


° ae y : : : ~ u, ” 
Fig. 36. The variation of air parameters in a normal. shock tve. 
tunnels and in aircraft. 
The dissipation of energy has the greatest value in a normal shock wave. 
Thorefore the deceleration of the air through a normal shock wave is the least ad- 


vantageous. Energy losses are significantly less in oblicue shock waves. 


Section 11. Oblique Shock Waves 

Oblique shock waves appear during the approach of a supersonic flow to wedges, 
cones, and other bodies that have a surface located at an angle to the direction of 
the velocity (see Fig. 3h). A schematic of an oblique shock wave is represcnted in 
Fig. 37. 

During the approach of a supersonic flow to an inclined plate or a wedge, a 
two dimensional oblique ‘shock wave eppears. During the air flow around the cone, 
the front of a shock wave has a cone-shaped surface. 

We shall first consider two dimensional shock waves. We identify the angle 


between the surface of u wedge and the direction of an undisturbed flow -- the rake 
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Pig. 37 Scho vite 6 Of a tuo Giron ‘oned, chliguo Flock tive. 
Lerendea) €2 : 


SLOSS Of Fee Aes 
angle ~e by@ (Figs 37). The angle betwen the front.of thé.chock vave: end. ‘the 


‘direction. of an whdisturbed flow me. ‘the: dnéidence an an elie of the shock Wave << is do=. 


a 
2 

i 

{ 

| 
{ 


signated by ot. ‘This aigle is unlnig. 4. vil. bel. oe ee — see. 
(2:32))7. . . 


‘The. iia cle of an- ‘undisturbed. flow a may. ‘be: divided tate’ oe cements $ 


the surface ef ‘the shock tave.. 


aya mycoses: (2100) 
| pan eSmysna, pg, 


Only the ‘normal, component: of Helocity varies: vhen crdssing the saurface-of a 


shock wave; the ‘tangential -gamponent renaing constant: 
‘ iw an &,. a 
the. normal component of velocity ‘experientes a normal shock wave 3: for which 


all the relationships obtained in the foregoing paragraph are valid. 


“The atagnation tcxrperature ratio of the normal. “corponent Wy, ay? 


~ [ ae a ee 


Ts AR kR : 
| gai ih 
* Toe rs —} i 
7] 2 a 
| ta +42! Mtointe = (2.122) 


The critical velocity for the normal component: is identical in front of and 
behind the shock wave: 
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haa (20193) 


i ~The velevive vornsl velocity tn a shock xave 4s dotensdaed by tho s contimusty 


since: in in:a noma: Bhoek | wave 


The relative veloct ora a 


wn 8 ihe ee Pe 
See Pewee Fo their} (26116) 


ee ye mae 


Stbstituting a Genta, wo. obtain 


’ 8 Byes cs ————— + a —~ Ei a — 
&ET HE sinta ee : (2.117) 
The detisity ratio in. an oblique shock tiave is: 
a re: ae PE fo | err 
ah ri EEL Mite teat : (22128) 
The: ‘pressure. ratio in’ en: oblique: shock: Aavo,. in: accordance ‘with: the formula 
(2.207), WE bE 
_ a. 2 “REL 8. 429): 
The-normal: velocity ‘behind the shock wave, according to. the continuity equa~ 


tion: 


; ees a os | 
Tang mane |” 
a =O =o, 100 nels +357 M2 sin?a f (2.120) 


The total velocity behind a shock wave from a triangle of velocities (Fig. 
31): “Geol +h) 
 Utdlizing (2.211) and (2.120), we obtain __ 


_ atcol feostet stoke tia 7 Me = ee (2.121) 


On the basis of (2.118) and (2.119), the static temperature behind an oblique 


shock wave is 
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@. 3122) 


Hottie. @ ita) aa 


See) 


yi iene sti 7 = -]} 


re ee gee 


SEE EE. 


: rae Qs A a, 
ee aa Rig Sint J are af Pe 


(2,123) 


aa we 
a Bos eee 
“Go: 


; of 
“The. angle “of “Tuefdedce « of an ‘oblique ahools UBVTE the diveetion of ba ‘Une 


disturbed flow is. fou, ftom ‘the yiengts of ‘the velnotly (eee Tig.. BH). 


"EPL. ag waar | Be (2,22): 


- For the solution of the Bbove: Squation given: values are eet. for the Mach 
niuber Mg and: the: thefdence angle, of ‘the ‘shock wave &,, and the. rake. angle-W).{8. 
deterdined, Ata given “Mach: itunber one value for the ake angle corresponds. to 
tio ‘yalues: of. the. shock: wave Jaetaent anglei™, 7 

one value ‘of: ‘the. incidence angle'ol -conforns ‘to: -deceleration. ‘of legs: than 
aripeteonte speed, Taie usually. ‘takes place during the beginning of oblique shock 
ae eas the ereater: ene penn less ‘than. 
aerodynamic. ar. 

‘The depéndence- of a shock wave!s angle of. incidence of upon ‘the Hach. number of 
an advancing flow at various rake:angles is shown in Fig, 43. Only such of values 
are plotted here. which correspond to the supersonic velocity behind a shock wave, 
since this ‘is precisely what happens vie ae aircraft is in flight. . 

A certain critical value of the rake angle 0 ned corresponds to each Mach num 
at which the roots of the equation become imaginary, If the rake angle is larger t. 


the critical angle wu, then the oblique shock wave changes into normal. 


rea? 


The dependence of the critical rake angle on the Mach number is shown in Fig. 
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Cal Fake angles Itds seen: Trow-the graph: that. 1b the diach number * 35, the critical 


rake angle 43°. 
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Pigs 38; Critical fale: angle ac. 


| ee 
pay fe 
* a 


Fe ee pee 
wnetion of the Mech number. .. | 


& 


~ oo . . ere 8 —_ artes a eG et, 


"-Fromthe quadratic: equation (2123) 4¢ is opparent that.at a given.¥,, two: 


walucs.of the-Mach-snusber behind: the Ghd vave, <1 and ty 2, correopond to cach 
valueof the-incidence. angle’ of the shock waves. Fig. 39 shows the relation of 
the velocity behind an oblique shock wave: to: the. velocity of an advancing flow. 

Here only My>1 is presented, the condition usually observed during free flow. 

The lesser the rake angle |) , the lesser the incidence angle & of the shock 
wave, the weaker the shock wave, and the more similar M) to If,, When @W=0, 
M) = My. 

The relation of the relative variations in pressure, density, and temperature 
to My is show in Fig. 0, 1, and 42. The incidence angles of shock waves are 
shown in Fig. 13. 

Oblique shock waves at equal Mach numbers of the flow are less intensive 


than normal shock waves. Irreversible losses of energy in oblique shock waves are 
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less then in normal chock vaveds Therefore by acce-plishing the Pow deceleration 
SR ee ee ars ae * AMR pcre St pectin i ULES os Tee ATE. : Sf 


f- > 


: or = 
eR 


Fige 39. ‘The relation-of the vel 
_  @f the advancing flots. 


ige 40. The relation of pressure behind an oblique shock wave to the velocity of 
the advancing flow. 


-B-970/V 66 


‘through: several: ‘oblique: ‘shock: ‘waves: fo)} sowing. one another’, One ‘may; obtain: Jess. 


setierey. Losses: aid: e higher stagnation: pressure: ‘than: sith: a eingle: norial ‘Shock Waves 


e Pn Stay Sy ans pee eno ese zZ eet id: hbo’ Sion Wie edhtar Fin, es osrgonice 
Fig. (lis : Relation of the ede natty behind ‘ai an oblique” shock. wave to the. velocity 


of the: advancing flow. 


- kta. very, onal rake angle,:Q)0, ‘the increase of pressure, tenperature, and: 


Gensity in-an: sblige shock wave remains. infinitely. small. When Jo= =0; M, ‘ina= i. 


Mai a 
emt 
Avo : : oa a : is 
Oy oe 7; ? 
— t eee =j]- —=]: M =M 
‘ 8 : ° b Gay . 
7 _ Is P T. : ”, 


The incidence anele of an infinitely weak shock wave, e.g., at which (20 PL a) 


as seen from equation (2.119), » is equal to 
oe 1 oe 
sing=—1,, (2.125) 


tJ 
eae 


ooee Me 


An infinitely weak shock wave “eonotdbutos 8 “Bound Wave propagstite-e 4c rod ts” 
Foti Wa. WE 
) For the time interval t, a body traverses the path w,t, and the sound wave 


eee ee 


spreads out over a distance ct. 


F-B-97L,0/V 67 


Figs Wee 


‘The. envelope. of all spherical : ‘sound’ ‘waves’ represents. the ‘surface: of’ a ‘sound 


‘Wave. The ‘half-angle.. at the apex of a sound: wave -- the Mach angle hy ‘is deter-. 


nined:by equation ‘ » sin = et eo 
: y ze ee, PR eG nea tt Mas t 
‘Thus the angle at the: apex ‘of a. sound ‘wave is equal to the: incidence angle of 


an: n infinitely weak shock wave, which appears as the rake angle © approaches Ze. 
With: growing. rake angle, the incidencé angle of the shock wave increases until it, 


finally, reaches the critical value of © req? at a certain epibicad value of the 


rake angle a, req (see Fig. 38). During subsequent increase of @ the oblicue shock 
wave euddenly: a a normal one. 

Example: Find the nbraneterts of the air behind a plane opisque shock wave when 
the incidence angle Oey: | epengle of wedge/ = 12.5° and M = 3.5, 

The incidence angle of the shock wave (see Fig. )3) A- 27°. The velocity be- 
hind the shock wave (according to Fig. 39) My, = 2.76. We find the increase in pres- 


sure, temperature, and density in the shock wave accere ne to Fig. ho, a, and 2. 


(Bbw 2,11; 71.266; hal, 98," 
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Fig. 43. | -Relation:-of the incidence angle of the shock. wave to. the Mach number 
: of ‘the- advancing flow. : 
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Fig. lh. .- - Fo“hation of a wave of weak disturbances’ - 


Section 12, Supersonic Airflow over _a Cone 

At the approach of a supersonic flow to the point of a cone, cone-shaped shock 
waves are formed. Let us examine the symmetrical air flow over a cone (Fig. 5). 

If the direction of a supersonic flow coincides with the axis of a cone, then a 
* cone-shaped shock wave appears at the apex of the cone, those-.generatriseforms an.chgle x 
with the undisturbed flow axis. 

The direction of the flow behind the shock wave will be approximately the same as 


in the case of a plane oblique shock wave. Tho turn angle of the flow behind the 
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‘shock Wave: ts less ‘than, ‘the hai ‘angle at the apex of the: cone e: (see. Figs 45). As 
‘they: appréach: the: surface of the: one; ; the: stream. lines Warp. -asytiptotiealty to the: 
‘gurface of: the: generatrix. For ‘a given. ‘Mach: niinber of an: advancing. flow and. a. shies 
‘angle’ ot eontieal. shock wave w . ‘the paraneters. of the air behind, thie. shock ‘wave ‘may 


‘Be. found by: ‘the. formulas: and apts for a. Plane abHigae: ‘shock ‘Wave. 


Figs 5s ‘The. flow: behind’.a ‘ conical. shock wave is. heterogeneous. : 


i Cone. produces: significantly less disturbance: ina supersonic.strean. than-& 
wedge. Therefore » in-order to obtain: a: shock wave of the:sans intensity at the apex of 
‘a cone-a as. at the: apex. of a wedge, one should take. a ‘cone: having a. ‘greater .angle- at the: 
apex than that of the wedge, ‘The. relation: of the angles at the. Spex . Of. @ cone. to the 
angles: at.the apex.of .a wedge ‘at Various. 4 ainbers of’ an: ‘advanct ng: flow. ‘is :shoun. 
in Fig. ‘6.. If the angle at. the apex of the cone @;.. is replaced by the.angle at 
the apex of the wedge. @1 5. the intensity of a shock wave at a given M, will not vary. 
-As-one: goes: from: the sortace of the shock wave to the cone surface, the velocity My 
decreases, and the pressure, density, and temperature: are increased, reaching maxi- 
mum value at the surface of the cone. The relation of the Mach number immediately 
behind the shock wave and on the surface of the coe to the half-angle of its apex 
for various flow velocities is shown in Fig. 47. The figures in the graph are aver- 
age values, since the velodty distribution behind a cone-shaped: shock wave is not 
uniform. The pressure of the flow at various portions of the cone's surface has dif- 
ferent values, The average pressure on the cone's surface following a shock wave 
of a certain intensity has a — value than that on the surface of a wedge. When 
the apex ang)~s of a wedge and cone are equal: wa = @), , the wedge produces a 


kon 
more disturbed flow than aces a cone. The shock wav proves to be more intensive, 
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aid: the préessuré on the surface of the wedge is greater than on the surface of the 
Cone... . 


): At the point where. the surface of a streamlined body: changes. fron a conical to 


a cylindrical form, a weak disturbance appears, which 2.5. aside sine flor 
SRDS ERT Wee ee Ta Pan Rcat Op Ped Mag ha eae wah Pa Oe fe | Ba STL tank She, an a ee : 
@loped icianis-the- ii Sst se ib-s Nosh: ee detetin 74. ceeasbion 32 2 


~~ 


gsm 
= ee er oy fi we tod ; : t 
With supersonic flow around tae obtuse. engle ABC, the gas spreads out and in- 
creases in velocity. ‘The stream lines warp and become parallel to. the cylinder 
fQoneratvix BO, The velocity of the floi near thé surface of the cylinder increases 


-approxcimately: to: the 
a Jez 


valve Wich ib bed ‘befere the oblic 
c : = a setae 


ae %, Ve 
v2 SOC wIVes 


TOE eT ee Te 
ae Ean aa En) raat tt. 
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3. 8. 


0 —« S00 WY, 
a wedge and a cone. 

If the velocity of the flow which approaches the cone is less than the critical 
value Mpred the shock wave breaks contact from its point at the apex of the cone and 
dhanesa to a normal shock wave. The vzlue of the maxim velocity an the critical | 
angle Wor may be found in Fig. 38, by substituting the cone-shaped angle for a tio 
dimensional one which produces an equally disturbed flo, 

Example: The angle at the apex of a wedge 20g = 0°, Find the maximum 
velocity Mor and the equivalent angle of a cone at maximm velocity. 

The maxinun velocity is found on the graph shown in Fig. 38; Moved = 1,64. The 
cone angle we find on the graph pictured in Fig. h6:- 9a, 790 
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’ Pig. 47 The relation of the Mach number behind the shock. wave (dotted line) and on 
the surfaco of. a cone (solid line) vs the rake angle G) at various Mach 

numbers of a flow. 


Section 13... Drag 


Shock waves appear in the interaction of a body moving at sagereonte speed and 
the surrounding air. The pressure in a. shock wave is increased. This increased 
pressure acting on the frontal surface of the body creates additional drag, which is 
called wave drag. The Sneeey spent on overcoming wave drag is transformed into the 
energy of shock waves. With damping waves this energy is dissipated. 


The drag of a body may be expressed by the following conventional formula: 


o ww, 
i aie (2.126) 


Usually the drag of a bocy is referenced to a unit of its cross-section Sy. 


The velocity head: - 3 
qn ty ta 4 
Sr 2 Shi Frees ae (2.127) 


At supersonic speeds the velocity head q has only the conventional meaning, since 


the actual increase in pressure during deceleration of the compressed supersonic 


oe 


ah aalaes 
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The factor c, is called the drag coefficient. This c, depends on the shape 
of the body and on the Mach and Reynolds numbers of the advancing flow. 

Usually c, is determined by experiment, by placing a model in a wind tunnel 
and measuring the forces acting on it. In some cases the aerodynamic drag may be 
calculated. 

At supersonic specd aerodynamic drag is made up of three forms of resistance, 
caused by physical processes: friction, vortex formations, and shock waves. 

Friction drag depends on the size of the lateral face of the body 51.) and on 
the Reynolds number Re of the advancing flo. 


The force of friction: 


, Watt? 
Xp =CScos 2g 5.2 


With turbulence the friction coefficient Cis may be expressed by these empiri- 
cal. formulas: 


(2.128) 


When Reg 10° ye eee aa 
“ =e (2.129a) 

when Re) 10° 4 : 7 
. Te ae (2.129) 


9 Pied 


The coefficient of friction resistance is: 


— xX» — Soon 1 0 
. “Casp “Su. ts. - (2. 3 ) 
The force of wave drag may be expressed by the pressure appearing in the lead- 


ing waves .. .. 


. 8 
fa J apdSsino=SbPerey (2.132) 
where Sp -- is the frontal surface (for shapes which do not have a duct for the 
passage of air, S, is represented by the area of faximm cross-section, Se 

A p is the surplus pressure in the leading wave, Ap = p = pr} 

p is the pressure along the surface of the body; 
-P, 18 the pressure of an undisturbed flow. 
In the case of airflow around axially symmetric bodies, the surplus pressure at. 


various points of the surface has an unequal value. Therefore,the theoretical compu- 
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tation of tie pressure presents great difficulties. The wive-drag coefficients of 
‘bodies are usially determined experimentally. 

In the case of airflow around. a. wedge, the pressure on the: ‘surface » equal to 
the préssure:behind jump p), is equal at-all. points on the. surface; therefore the 


computation of the drag coéfficient-does. not present any difficulty: 


LO pass Bet): 


a st st? (& ast). ses Us oa 

Cx 208 eM Pa. Bn ee go (2.132) 
The pressure. ratio PL is determined ‘by: formula (2.119). 

En 


The: coefficivnt of wave drag of a wedge is 


re 


~_e 


= ty, ee kK: ie : 
Cg gos) rea a: i We) (2233) 


a? ied 


With an. increase of the number: we, or a decrease in: the rake angle: w, the are 


gularity of jump © diminishes and c, decreases. ‘pip ‘ raat! drap vers inch inbor 
‘gurve- at Various Fratzs afiglesoF a wedge. 46 showfi-in Fig. Woe Ee 

If the angie at. the apex. of a cone is siich that the: jump.:has the same inten- 
sity. as during the airflow over a wedge, the wave drags of the wedge and sonecate 
similar. At supersonic velocities of a flow, pointed bodies create weaker jumps; 
therefore they nave less wave drag than blunt ones. A normal shock wave appears 
before the nose of a body which has the most wave drag (Fig. 49). During the tran~ 
sition of the rake angle to a critical value, an eblique shock wave changes into a nor- 
mal one and the wave drag increases abruptly. 

Durizg supersonic airflow at an obtuse angle to an axial supersonic flow or 
during supersonic flow past the transition from the conical to the cylindrical por- 
tions of ea body, the pressure falls and the flow turns. The pressure on the cylin- 
drical portion of the surface of a cylindrical~conical body is similar to the pres- 
sure of undisturbed flow p,; The pressure behind the stern (boat tail) portion of a 
body is lower than that of the atmosphere. This area behind the stern portion of a 
body represents a turbulent zone full of vortexes which increase following a moving 


body. The greater the Mach number of the advancing flow, the lower the relative pres- 
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Watts Hn cthia-burbbbenit ‘Youe.| ‘this dovered pressure behind the stern portion creates 

boat. tail drags ee seca eo mace (2.13h) 
at. tail drag Xu pis. (t — Pam), ( 
The ‘boat tail drag coefficient is — 
eee Prope \ * s 

Cousi Gar | ee (2.135) 
Phe ‘lowered. pressure behind the stern. at supersonic velocities of a flow is 
‘usually less. than. the increased'pressure befére the frontal-surface-of the body.. 


Therefore, the. wave-drag of the stern is. 1éss than ‘the wavé resistance of the nose 


(Fig. 50). ; 
see, a 
a BERR, 
Se 
SRE 
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Fig. 48. Wave-Drag coefficients of wedges. Fig. 9. Waves appearing during super- 
sonic airflow. 
a ~-- rounded body; 
b -- blunt body; 
c -- pointed body. 


Example: When M = 3, if the angle at the apex of a cone), = 30°, then the 
corresponding angle of a wedge Wy," 22° (see Fig. 46). Rake angle 6) is equal to half 
of the angle at the apex of the wedge, W= 11°; then the relative increase in pressure in 


front of the nose a = 2.2 (see Fig. O). The relative lowered pressure bchind the 


Phorm _ i 
ih 0.5. 


Boat tail drag I... * pS, (1-0-5) « The boat tail drag coefficient is 


stern 
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ee a RL) ra (see Fig. 50) 


ae bab nme 
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Fig. 50° Boat tail drag coefficient when ¥,> 1. 


The wave drag of the cone is . ms en 
Yun peSu (2 —1) Ph 
Pa : 
‘The wave-drag coefficient of the cone is 


ie )- 1,4.32 


fa en eM Pa _ =0,175. 
“‘Mith allowance. for the friction coefficient, the overall-dfag edetfi- 


cient of a cylindrical-conical body at M = 3 is 
C2 Cz vp + Cx con + Cx wep =0,3 
(compare with Fig. 18). 
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CHAPTER III 
IDEAL ‘RAMJET ENGINES 


We call ideal those imaginary ramjet engines in which the dissipation of kine- 
tic energy does not occur and heat losses are absent. Such idealization presents the 
possibility of obtaining very simple formulas for the computation of gas dynamic and 
thrust parameters of a ramjet engine. Those values, found by the fornulas of an ideal 
Tamjet.engine, are the. upper’ limits which the ‘parameters of actual Per strive for 


in. the presence of mechanical and thermal losses. 


Section: 1.. Fundamental Definitions. and Assumptions 


A schematic of an ideal ramjet engine is presented in Figs 51. The engine con- 
‘eists.of a diffuser, a combustion cnawias (or heat exchanger), and an exhaust nozzle. 
The engine operates on a stream of air which is. considered to be an ideal gas. We 
designate by the index :("—") the parameters of the air in front of the engine, i.ee, 
the parameters of an undisturbed: flow. A eeversibic seocaetion of the floi eee 
in the diffuser of an ideal ramjet engine regardless of whether the flow enters the 
engine at subsonic or supersonic velocity. The static pressure increases thereby 
fron Pa to Poe “The stagnation pressure remains constant: Poo = Pon? The p-v dia~ 
gran of an ideal ramjet engine is pessentan in Fig. 52. The compressed air increases 
in temperature fron Tog to To3° The stagnation pressure remains constant: Po3 = Poo, 
The compressed heated gas discharges through the exhaust nozzle. The static pressure 
diminishes until back pressure Pl, = Pne The stagnation pressure remains constant 
during the flow: Po}, * Po3- The flow occurs without any thermal losses; hence stag- 
nation temperature does not vary: To), = To3¢ 

The stagnation pressure of the gases exhausted from an ideal ranjet engine is 
equal to the stagnation pressure of the incoming flow: Pon * Po2 * Po3 * Paye 

The velocity and, consequently, the momentun of the discharging gases are 
greater than those of the incoming flow: > Wye 

Due to the increase in momentun, jct thrust R appears: 
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Thé. ¢1ermodynamic. cycle described by the operating substance flowing through a 


ramjet engine (Fig. 52) is called the Brayton cycle. Adiabatic curve H-2 shows the 
Peal Va 2 WW HA 


Fig.51. Schematic of an‘ ideal busi capice: 
reversible compression of the inflowing air in an ideal diffuser. Constant-pressure 
line 2-3.represents ‘the heating: of the compressed air from temperature Tog to 193 at 
constant pressure. Adiabatic curve 3+) shows the reversible expansion of the hot gas, 
during which its enthalpy ig partially transformed into kinetic energy. Constant- 
pressure line l-H shows the cooling of the discharge gases to the temperature of the 


surrounding medium. This process obviously occurs loutside the cmins. | 
id / 


, Us 
Fig. 52. P-v diagram of the operating process of an ideal ramjet engine, 


The area of the p-v diagram H23h, in a certain conve:-tional 
the amunt of enthalpy 


scale, expresses 
transformed into kinetic discharge energy. 


In analyzing the processes which occur in a: ideal ranjet engine, the followin; 


&ssumptions showld be made: 


1. The dissipatio: of kinetic energy and thermal losses are absent, 
F=~TS~97),0/v 


2. The pressures in the inlet and in the exhaust sections are equal to the back 
sressure: Pi * Py and Pl, * Pus 

3. The. stagnation pressure does not vary during heating: p03 * Po2- 

k. tiie working substance is an ideal gas the specific heat of which is constant: 
Sp» © const; k = const. 

S. At-an; ‘int ‘of the engine the gas. parameters are constant throughout the 


ntire ¢ross-section (radial gradients are absent): 


action 2... Gas-.Dynanics of an Ideal. Ramjet Ingine 


‘The velocity of a flow through the diffuser of a ramjet engine decreases; the 
emperature; pressure, and density increase (see Chapter II, Section 7). 

Let us designate. by w,, 1,» Pas andy the parameters of an undisturbed flow 
lowing into an engine. 

‘The parameters of a flow which is partially decelerated in a diffuser may be 
xpressed either as a function of a Mach number or of relative velocity A e 


The Mach number of free stream flow (2.63) is 


ca VW EERTS (3.2) 
The relative velocity of a free stream flow (2.55) is 
L_=—= bad : 


hat ———— e 
a, 2gkR 
V ete . (3.2) 
The stagnation ratios of a free stream flow, as-mentbioned earlier. (Chapter JI; 


ection {), are equal to 


T, &—l 1 
s 
_f, ,#@—laggk' 1 
Sales =z? (36b) 
| se fy tata T 4 
| ea[teteey ~ 60a)” (3.5) 


By definition, the pressure at the inlet section of an ideal ramjet engine is 


ual to the pressure of a free stream flow: p) © p,. Consequently, according to 


TS-97L0/V 80 


Bernoulli's equation 
— ‘m=w; M=M, w A=), 
; Air flow through the inlet section S, is ; 
) Omen Ses Ae, (3.6) 
The flow may be expressed by the relative velocity An (see Chapter II, Section 
7) 
7 a ark PoSr,e (,). (367) 
Stagnation tenperaturé remains constant along the entire engine as long as a 
heat supply is not added. 
Tou= Toi =To2= Tos. (3.8) 
The conpression of a flow in an ideal engine occurs without losses; therefore 
the stagnation pressure at the outlet of the diffuser is equal to the stagnation pres- 
sure of the incoming flow: 


eee 
Poa Pea Poway”, (3.9) 


The velocity of the flow in section So decreases to value wo. The Mach number 
and the relative velocity M, and A.2 remain equal. 
Air flow through section So is 


Yee nen EF Ip Rig POS ON) (3.20) 
Since the air does not escape and then appear again in the diffuser, the right- 

hand portions of equations (3.7) and (3.10) may be equated. Considering that: ° 

To2-© Ton and poo » Pon for an ideal ramjet engine, we ‘shall find the ratio! yStween 


be. cross-sections and relitive velocities: 


&—-1,,>°-'! 

2 1 2 

+ Se at Me) de a+1 * 
‘Sy AgeQy) ay kl, : (3.22) 

Expressing X by M, after simple reorganizations we obtain 
a+i 
al, 2(a-1) 
7 pa a 

| | a bls (3.12) 


*-1S-97L0/V 


The relation between Mach numbers and the cross-sections is show in Fig. 53. 

If M.<1 orA,<1, then the deceleration of ths : flow, will_occir in g widening dif- 
fuser; the increase of S corresponds to the decrease of M. (If, for example, My = 
0.5, and Mo = 0.2, then dy. pleating the Mach number S on-the-vertical_axcs of the graph 


in Fig. 1 the b 0 fina: | 
Fig. 53, on the basis of curve II we find Siu14. az, SH 29M ) | 
- Sap ae Sup S, 1,4 \ 


when M,, <0.5 » density variations are insignificant and flow velocities are 
'ebbroximately inversely proportional to the cross-sections. 
If M>1 or AY1, then the stagnation of the flow will occur in a tapering tube 
until the velocity of the flow -bccemss .cqualwto the local speed of :soundi... 
j - eee, 7 i 


The section in which M = 1 and Xl is called the critical section Scr (Fig. 


53). Subsequent ‘retardation occurs in a widening tube. 


<n eae si, 
Fig. 53. The relation of the local values of the Mach number during a flow along a 
tube of variable cross-section to the ratio of the cross sections S; . 


Ser 
We find the ratio between an arbitrary section of the tube and the critical 


section Soy from equation (3.11 or 12), substituting Mp = 1 or 2 = 1 therein: 
, t 


| J ee 
i ee 
- : (tate — Ga) 9 


The velocity in the exhaust section of diffuser Sq is equal to 
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es 2gkR 7 
ae ta) To (3.4) 


The static temperature, pressure, and density in section "2" 


tal ys 
c/o a (3.25) 
Te Ta To = (dn) aytst a 
20), 
amr ne (3.16) 
32 202) 
a oe (3.17) 


The air, compressed in the diffuser, enters either a chamber where a molecular 
fuel is burned, or the heat exchanger of a reactor in which atomic energy is released 
The stagnation. temperature in a heat exchanger increases; the stagnation pres- \ 
sure, by definition, remains constant Po3 * Pog: 

The ratio of the stagnation temperature of the heated gases To3 to the stagna-~ 


tion temperature of the incoming flow To, is called temperature ratio @: 


ato 7 ° 
a ae (3.18) 


According to the equation of continuity (3.7) for sections S2 and 53: 


Gs __PoaSs7 0s) Too (3.19) 
G. S 
Whence eae rucat Os) Too 
Sa op VOT i 
. Ss P @Q;)’ ; (3.20) 
where Gs G, 
a (3.21) 


The relation of the calculated sections to velocity and temperature ratio is 
presented in Fig. 5h. 
The hot gases discharge through the exhaust nozzle. Their velocity increases 
to value w,, and the pressure falls to that of the back pressure: 
eee (3.22) 
The drop in pressure during the discharge from an ideal ramjet engine is equal 


to the increase in pressure during the retardation of the incoming flow 


POA, Pow 


a OP 


Since : 
Pos= Pes= Pea=Pea cd p,= p, 


My! Ss? $, 5; iy 12,2 Ss Sed 75, 


a) 
: 
Mor? Say Sr rhs SyAOG, Seg BVO ups iI, 
o-g9 ' ' Anse 
i - fo SOS poo 
[ye \ “ee 
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Fig. Sh. 


section of the diffuser and proceeds simultaneously with the compression 


process. 
consequently, 
a 
—— & 
Po Pos) 4 #—14,,\*=! k—l.\aHt 
Pa (1+ M}) =(1+ ~ M2) 
or 
alee 
1—4 Ey = _&—1,,\F=1 
( bya (! tar) ‘ 
Hence 
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M,=M,,; Ag=As. (323) 


The Mach numbers.or tie relative vélocities tat’ ohe:ilet to an ideal ramjet engine 
and at its exhaust are equal to each other. 

The sections of the exhaust nozzle are also rebeted: to-Loeal--velosities by equa- 
tions (3.11), (3.12), and (3.13), in which the indices "n" and "2" are corresponding- 
ly replaced by "4" and "3." 

We find the relationship of the terminal sections from the flow equation, not- 
ing that Al =A 43 a =f and -@; 

pT. 
S, (3.24) 


Temperature ratio :6@ depends on the increase in temperature in heat exchanger 


AT, on the temperature of the surrounding atmosphere T,» end on the flight velocity 
M,: o— ToT Tort4? | | a? 


o—— 70_ AT= (ay) 
mo (3.25) 


With an increase in flight speed, the stagnation terperature of the incoming 
flow To, increases and the temperature ratio © decreases. 
The increase in the temperature of a heated gas AT during the compression of a 


molecular fuel is determined by the lower heating value and the excess air coeffi- 


cient X: ee 
‘ €y(1+eLl) . (3.26) 
where Cp is the specific heat of the combustion products; 
L is the quantity of air theoretically required for the combustion of 1 kg of 
fuel. 
For hydrocarbon fuels H, ~ 10,000 kcal/kg asd L 15. The specific heat of 
the combustion products increases with the increase in terperature; however, for the 
analysis of the ideal ranjet engine, we agreed to consider specific heat as con- 


stant: Cp * 0.2) keal/kg deg. The relation of the tenperature rise to &% during 


operation with a hydrocarbon fuel is shown in Table 3.]. 
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TABLE 3-1 


THE RELATION OF AIR HEATING DURING OPERATION WITH A HYDRO- 
CARBON FUEL TO THE COMPOSITION OF THE MIXTURE 


AT? K 


4,0 
685 


t 
2800 


1,5 
1770 


2,0 
1350 


3,0 
910 


If the temperature of the atmospheric air r.* 216.5° K, the stagnation tem- 
perature ratio ay is equal tol.2, and Kx 1, then the maximum possible temperature 
rati J is eoual to 12.2 when operating with a hydrccarbon fuel. With an increase 
in flight speed, temperature ratio decreases (see Table 3.2). 

TABLE 3.2 


THE REJATION OF MAXIMUM COMZUSTION TEMPERATURE RATIO TO 
VELOCITY WHEN r = 10 
n 


8 
1,72 


4 
3,38 


6 
2,23 


10 ° 
1,48 


2 
6,55 


My 0,5 
is. 10,5 


With a sufficient increase in flight speed, the "thermal death" of an air- 


1,0 
9,3 


breathing jet engine sets in, since combustion temperature ratio apprnaches to unity. 
The increase in temperature during operation on atomic fuel ia* detarmi nod vy 
thermal power of the reactor Ng, which is expressed in kilocalories per second, and 
in air consumption G: a 
aa ne (3.27) 


The maximum increase in air temperature in a reactor is limited only by the 


heat-resistance capability of the materials used. 


Section 3. Thrust Parameters of an Ideal Ramjet Engine 


The Mach numbers or the relative velocities at the inlet to an ideal engine and at 
its outlet, as shown in the previous paragraph, are equal: My, = M3 A; = Ane The 
stagnation temperature of the exhausting gases is higher than the stagnation tempera- 
ture of the incoming flow: 


Tos Tos = 9Ty,= 07 =07,,, (3.28) 
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The critical velecity in the flow of exhausting gases is greater than the 
critical velocity of the incoming flow: 
a= y/ wee 2ekR - 9 
tt [a= af 2 Te To =a, V6. (3.29) 
The velocity of the Bernt is greater than the velocity of the influx: 
J eye (3-30) 


= a, " 


Qwing to an increase in the momentum of the gases, jet thrust R appears when 


P) = Pp and pj, = ps according to (2.92) it is equal to 
pa Cates Gute ‘ 
re £ & (3.30a) 


Noting (3.21) and (3.30), we obtain 


Gyn [we ab Wit, Vv 
to 


The fraction ™.s is equal to twice the velocity head, q, of the free stream 


flow (2.70): 


M2, 


° 22 
Noting (3.2h), we obtain 
1 
R= 295, (BY 6 —1)=hp, MS, (1 —iva) (3.32) 
The frontal or maximum cross sectional thrust of an ideal ramjet engine is 
§ 1 
A= mip (I): (3.33) 


‘The-ratio of..thé- exhaust cross~sectional- area -to the -mascimun cross<sec~ 


tional area is called the relative exit ratio s), = = For subsonic ramjet engines 
8), * 0.5-1. For supersonic ramjet engines Ss), usually equals 1. 
The thrust coefficient of an ideal ramjet engine is 
eg = 25, (I —qya): (3.3h) 
It is seen fror the last equation that when Ss), * 1, the thrust coefficient with 
| an increase in heating, approaches the maximum value Cy, = 2+ 
With an increase in velocity the thrust coefficient decreases, owing tc the de- 


crease in combustion temperature ratio § = oO 


On 
The specific thrust of an ideal ramjet engine operating on a molecular fuel is 
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G, .  9es,* (3.35) 
since the fuel consumption Gp = “n 


Utilizing (3.31), we obtain 
=e GYT—1)=~S BVE —). (3.36) 

With an increase in flight speed w, or Mos the specific thrust increases at 
first rapidly, passes the maximum, which lies near M, = 3, and then begins to de- 
crease, owing to the decrease in combustion temperature ratio 8 , 

Specific fuel consumption has the minimum value at the velocity w,, at which 
the specific thrust reaches the maximum. 

With an increase in excess air coefficient © the specific thrust increases, 
asymptotically approaching a certain limit. 


Utilizing the equation (3.26), it is possible to write: 


atten) 145, 1h 
tate] V/ (ety + ED) aly 4 —a|. (3.37) 


This conception of specific thrust is not applicable in the case of an engine 
operating on nuclear energy, since the consumption of atomic fuel is insignificantly 
snall, 

The economy of an engine both during operation on a molecular and during opera- 


tion on a nuclear fuel may be characterized by its efficiency. “ ans a 


Section 4. Thermal Efficiency of an Ideal Ramjet Engine 
The gases which flow through an ideal ranjet engine describe an operating cycle 
which is depicted in Fig. 52. The increase i: che kinetic energy of the gases des- 


cribing this cycle may be expressed by the equation 


2 
The thernal power input Nozat = Gye ToS Apt 02 « 


A = 66,7 4 — GepTes — Gyc,T. + GylpT (3.36) 


The thermal power lost to the surrounding space is 


Nuoe = ple a Gc, 


F-TS-97L0/V 88 


The ratio of the heat converted to kinetic energy, to the heat supplied is 


called the therma) efficiency of the Ny cycle: 


ae nas Say 
e 


= Gat pT — Get pTo2 = Gaels + GuepTn (3.39) 
Gee Tos — Gat pTo2 
If the consumption ‘of ‘the working substance does not decrease during heating: 


G), = G,, we obtain i 


= _ta—Tu 
— TuHTe (3.0) 
For an ideal ramjet engine Po, = Pop and P), P,3 consequently, 
&--1 ko} 
Ents Pe) * Te [my © 
To fe a Teg ‘ (3.h1) 
Substituting (3.41) in (3.40), we obtain 
Tos 
want iE To2 1) Te 
n=l aT Se }—- => 
Tox( et —1 Ton (3.12) 
To 
or kl 
Pu “k 
u=1— (20) (3.43) 
Po 


The thermal ei'ficiency of an ideal ramjet engine depends only on the ratio of 
the stagnation pressure of the incoming flow Pon to the static pressure p,. This 
ratio depends on the relative flight speed or Mach nwiber, Utilizing (3.!:3) and 
(3.), we obtain y=t—— tal, 

ue a Me (Belt) 

The thermal Pistenes of an ideal ramjet engine is . directly proportional to 

the square of the relative flight speed. ishen >, - 0; Ne = 03 then 
Mh, way EE on, = 00), =I 
The rapid growth in thermal efficiency with increasing velocity is one of the 


important features of a ramjet engine (Table 3.3). 


TABLE 3.3 


THE RELATION OF THE THERMAL EFFICIENCY OF AN IDEAL RAMJET 
ENGINE TO THE MACY NUMBER 


The temperature increase of the working substance in an engine operating on 
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a molecular fuel occurs due to the heat released in tne combustion chamber: 


5 (Tu — Tur) =e (365) 


Consequently, - : 
qn Owi—G,w? we Atl paz — e 
2ge,Gq(Tou—Tou) He 2% - (3.46) 


The tnermal efficiency characterizes the completeness of the transformation of 


the supplied heat to the kinetic energy of the gas stream. 


Section 5. Thrust Efficiency of an Ideal Ramjet meine 


The useful or thrust power of an engine I!yyag is equal to the product of the 


force of thrust R and the flight speed w,: 
Nee = Dw. (3.h7) 


Substituting (3.302) in (3.7), we obtain 
; Ge? % ‘ 
New = (2-1). (3.48) 


The ratio of the thrust power to the increase in the kinetic energy of 


Ntyag 
gases, whose discharge creates jet thrust R » is called the thrust efficiency of 
the engine Ntyag? 


: ga ma 
a a an ae 
5 Oe = (3.49) 
The conception of thrust efficiency was introduced to science by N. Ye. 
Zhukovskiy for the case of ship's movement. This conception of thrust efficiency 
was first used by B.S. Stechkin in relation to ramjet engines. 
The formula for thrust efficiency may appear very simple, if the heating occurs 


without an increase of the mass of the working substance 8 =]. 


‘a 2 j 
- M1, aw Yet: (3.50) 


If the device flies at velocity Ww, and the gases discharge from the nozzle at 


speed w),, then the speed of the gases relative to the surrounding air is equal to 
the difference of W}-¥,- The kinetic energy of the exhausting gases in relation to 


ad thal 


the surrounding air is equal to G oo 


Thrust efficiency is equal to the ratio of useful thrust power to the sum of 
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useful power ana tae ¢.ses' kinetic enerey due to their movion 
Oy, pe Rw, 


ee eo aia (3-51) 
2 


For an increase in thrust efficiency, the ry eee between the discharge 
velocity and the free stream velocity, i.e., combustion temperature ratio Ve== 
must be decreased. 

It is seen from equation (3.50) that thrust efficiency depends only on the 
combustion temperature ratio 6. A given thrust may be obtained either by increasing 
the discharge velocity or by increasing the air input G. The second way is advan- 
tageous, since it gives the greater thrust efficiency (Table 3.]). 

TABLE 3.) 
THRUST EFFICIENCY 0: AY TobaL Raat ENGIUS Nes 


VERSUS THE MACH HUMBER 4:D THE EXCESS mR 


COEFFICIENI , 


t 


Section 6. General or Total Efficiency of an Ideal Ramjet Inzine 


The general or total efficiency of an ideal ramjet engine is equal to the ratio 


of the useful thrust power_to the thermal power input 


qa Rw, ; 


Total efficiency may be conceived as the product of mltiplication of the ther- 
mal efficiency, characterizing the ramjet engine as a heat engine, by the thrust cffi- 
ciency, characterizing an air-breathing jet engine as rovellins azent. In the cease 
of a power plant with a propeller, both of these coefficients arc clearly limited: tie 
engine is characterized by thermal efficiene:- anc the propeller b: thrust eificicne;, 
In the case of a jet engine both of these cocffic.cnts are characterized br the action 
of a single unit and are organically related to each other. 

The expression (3.52) may be transformed in the following manner: 
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eae wi - 2? Rw 
To —T ou) GC 
2g¢p (Tos ~ (wet) 


The first factor according to (3.46) represents thermal efficiency Hy, the 


second factor according to (3.9) represents thrust efficiency n tyag* Conse- 


quently, 
sik (3.53) 
Utilizing’ (3.4) and (3.50), we obtain 
qt (3.5h) 


Total efficiency is directly proportional to the square of the relative flight 
speed An vith an increase in temperature ratio 8 = z, » total efficiency de- 
creases. If heating of the gases is absent: ) = 1, then w, = a and Ntyag wl. 
But the flow momentum does not increase thereby, and the thrust is equal to zero. 
With an increase in tenperature ratio @, the kinetic energy of the exhausting gases 
% (w,7- uw) increases and ‘the thrust and total efficiency diminish. With moderate 
heating © = 3-h and supersonic flight velocities, the total efficiency of ideal ram 
jet engines is very high (Table 3.5). Thus, when M, = 3 and @ = 3M = 19%, ive., 

TABLE 3.5 
_ TOTAL EFFICIENCY OF AN IDEAL RAMJET ENGINE 


NS VS. THE FLIGHT SPEED ANL 
AIR COEFFICIENT WHEN H, = 10,500 AND L = 15 


M, : 
~ 1 2 3 4 6 10! 
ie . ; 
| 
. 1,0 7,3 22 37 499 } 65 84 
” 2,0 10,4 ,5 49 62 | 7 92 
3,0 11,9 ‘) 54 66 81 95° 


With decreasing heeting Nn crows, but tre thust coefticicas becomes smaller 


han the drag coefficient of the cirercft and the engine becones useless for flicht. 


ection 7. Characteristics of an Ideal Ramjet Engine 


The thrust parameters of an iceal ranjet engine depend on the velocity, temper 
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ture, and pressure of the air, on the temperature ratio of the gases, and on a num 
ber of other parameters. 

The dependence of the thrust coefficient cy, the specific thrust I, frontal 
thrust Ri the calculated cross sections = and ust and other paremeters on the 
speed and altitude of flight, as well as on oe heating of the gases in the com 
tion chamber are called the engine characteristics. Cnecd, altitude, and control 
characteristics have the greatest values. 

The speed characteristics of an ideal ramjet engine (Fig. 55 a, b, ©, d) repre- 
sent the relation of the enzine parareters vs. the relative fliznt velocity An o> 
the Mach number M, at a given flight altitude H and combustion terperature ratio 0 
or excess air coefficient O. 

The stagnation temperature increases witn an increase in flight speed (3.3). 
The combustion temperature ratio at a constant excess air coefficient &™ = const 
decreases with an increase in speed: 


gaTot yy Ma) _ 
Tou €pTa(i + al) 


The relative discharge velocity and the ratio of the terminal and throat 


Shy 


sections 3] and Shor 


Sler 


combustion teiperature ratio: 


decrease with an increase in speed, owing to the decrease in 


Ss AY 
5 PVE 
When 
MOVES ot (3-1 
ie@e, the engine becomes cylindrical. 
The thrust coefficient decreases with an increase of kh, oving to the decrease 
in the relative exhaust velocity 2 =Vo.. 
When Y@-—>1, according to (3.31) cp 0. 
The specific thrust, according to (3.36), first grows witn an increase in flight 
speed, owing to the increased pressure in the charber and the increase of therral 


efficiency; then passes over maximur., wnich lies near }23; anc begins to diminish, 


owing to the decrease in the relative exit velocity “ V" (see Fig. 55, ¢). 
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| 


———— 
| 


a ml 


Fig.55. Velocity characteristics of an ideal ramjet engine: 
a) PVO=f (Uy)s b) cpat (Mya)s c) T8L (My)s a) Si © f (My). 


The relative frontal thrust & at M<1, when CR varies insignificanily, is 


directly proportional to ge Vith the subsequent increase in HN, the frontal thrust 


goes past the maximum, which lies near very high Mach numbers (see Fig. 55, d). 
With an increase in M, the density and pressure of the flow in the throat sec- 


sion increases and the calculated ratio of the throat section diminishes (see 3.12 
ind Fig. Sh). 


For this reason, an ideal ramjet engire, which fundamentally is a single-speed en~ 


‘ine,suitable for one flight speed My et asah and for a single value of combustion ten- 


erature ratio 6 = O each’ With a deviation from the rated operating conditions, com- 


‘ression and discharge cease to be reversible, and the parameters of the rar.jet engine 


‘ease to comply with Poisson's equation. However, achieving the reversible corpres- 
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Sion of a supersonic flow in 2 tapering ciffeser is difficult even abt ratec operating 
_ conditions (see Chapter IV, Section 6). 
ie An ideal ramjet engine, suitable for flight at various Mach numters, would 
have to possess controllable cross sections and a variable area diffuser an’ nozzle. 
The altitude characteristics of an ideal ramjet engine are shown in Fir. 5€. 


Lith a variation in flight altitude, the pressure and temperature of the surrounding 


air change and, together with them, the parameters which depend on Ty and op. 


Combustion terperature ratio ® increases with an increase in altituce, cving 


afte Oy) 
Op (tt abyTy” 


to the decrease in air temperature Ty: 6=1+4 


Fige 56 Altitude characteristics of an ideal ramjet engine. 


After crossing the limits of the troposphere (H >11 kn), the air terperature 
remains constant, and the combustion temperature ratio ceases to vary. Besond the 
limits of the stratosphere, the temperature ceases to be constant (see Table 1.1). 

Together with the change in combustion terperature ratio © the rclative exit 


velocity and ratio of the exit nozzle sections chanze: 


‘Sag ™% _pr/ai 
ae ms =pV6. 


vith an increase in altituce from 0 to the bepinning of the stratosphere, 
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@increases alon# «ith an increasing thrust coefficient Cp (see Fig. 5c} 
. 1 ; 
se 
The specific thrust I grows insigni“icantly with an increase in altitude, cwing 


to the increase of temperature ratio across the combustion chanter: 


=5-M,V geRT, 4 tr Oe) _ -1] 


(1+-aL) eT, 
Maximum cross sectional thrust diminishes with an increase in altitude, due to 


the decreas2 in air pressure p,: 


R= kp, M2 (1 ~ 7a) sf 

In the troposphere, the loss of maximun cross sectional thrust is soret.hat re- 
duced by the increase in temperature ratio 9 . 

The decrease in thrust does not prevent a ranrjet engine from being used at 
various altitudes, since the aerodynaric drag of the aircraft X also varies propor- 


tionally to the pressure of the surrounding medium: 


aw 
X=eS, So = > eSahpMi. 


The control (throttle) characteristics of a ramjet engine represent ..+.--- 


the dependence of the engine parameters on the excess air coefficient “ or on the 
1 

fuel supply factor @& at a given l'ach number for the free strear. flow M, = const and 

a given flight altitude EH = const (Fig. 57). 


The discharge of air through an ideal ramjet engine does not depend on the fuel 


supply 


G=w,7,5, =V gkRT. oe Vern 
WyteS, =V ERAT, ies R yi 


Therefore the fuel supply factor 3 is directly sonatas to the fuel veight flow Ge 


When the fuel supply is cut off, Gp = 0, = 0, & =00, tenperature ratio 


i 

x 
2, ML 

6 = 1, and relative exit velocity Wh eafo = 1. At the sane time, 
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With an increase in fuel flox ter perature ratio 6 increases, ana, tc- 


Gps 
oe : ; oy ee re 
gether with it, the relative exit velocity rm the ratio of ra) the thrust coeffi- 
n n 
. 1 
cient cp = 2 (1 -- Ble” and the frontal thrust Rg = cRe increase. too, 


Impulse, I, decrezses from the maxirur value Tax © Ipin when oO =1. An 


engine intended for maximur. thrust must onerate when oo =]. 
g ¢ 


“ea 


omen memes 


Fig. 57. Control characteristics of an ideal ramjet enrine. 


a) AVe=r(%)3; b) cg af (x)s c) Jaf (a). 
The dependence of the calculated cross sections of an ideal ramjet engine upon 
the mixture ratio is shown in Fig. 58. 
An engine intended for long range must operate at the least possible fuel flor, 
since with a decrease in g the range factor Ib (1.15) increases. 
The decrease in fuel flow is linited only by the arag coefficient Cy OF ar aire 
craft, since durin: horizontal flint Cpe cx. (Poth coefficients are usialls besed 


upon the nidship or maxinun cross section of an enrine.) 


Fig. 50 The corputed values of the through sections of an ideal rar jet engine. 
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ChaArvTex 1 
DIFFUSERS 
Diffusers transforr. the velocity head of an incoming flow to stetic pressure. 
The diffusers of ranjet engines heve the same function as compressors of gas turbine 
en, ° 3. The greater the pressure increases in a diffuser 2, the less the entropy 
of the compressed gas s, the greater its potential energy and the greater the thernal 
efficiency N, of the engine. 
Pressure recovery in a diffuser has a decisive significance for the operation 
of the engine as a whole. 
The geometrical form of the difiuser at which the relative pressure increase 
will be the createst is determined by the Mach number of the free strean. flow hp. 
The structure of subsonic diffusers (M,<1), transsonic diffusers (M, = 1-2), and 
supersonic diffusers (M,>2) differs essentially fror. one another. 
The action of diffusers may be characterized by the following coefficients: 
efficiency Ng» pressure recovery Oy, additive drag cyg, local losses € y and air 


flow ratio ©, 


Section l. Efficiency, Pressure Recovery , and Mass Flow Factors 


The operation of actual diffusers is accompanied b_ energy losses from friction 
and shocks, due to wnich a portion of the kinetic energy of the flow is dissipated 
and the free energy of the gas decreases. The utilization of a flow's kinetic ener- 
gy in a diffuser is characterized by the efficiency Nas 


The ratio of the increase in free energy of the compressed air Au to the 


2 
w 
kinetic energy of the flow %E is elled diffuser efficicrev: 
Au 
1u= 7: 
et 
my (4.2) 


& 
With a reversible discharge from the nozzic which is joined to the exhaust sec- 
tion of the diffuser (fig. 59), the free energy of tne compressed air is turned 


into the kinetic energy of the strean.: 
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2 (2) 
Consolidating (4.1) and (4.2), we fina that the efficiency of the diffuser is 


asured by the ratio of the kinetic energy of gas after a reversible discharge _i8t 


2g 
4 
the kinetic energy of the incoring flow Wns w? 
CE 1= wer 
“a (3) 
on 
G) -- 
* Mase 
6 
) My>z 2 
jy %Yeru t) 
', 55. Diagram of diffuser tests. Legend: 1) spite; 2) cischaze 


a «= subsonic; b -- supersonic. 
If heat exchange with the surrounding air is absent, tnen the stagnation ten- 


atere To, does not change during a flow through the diffuser: 


aR AR” (els) 
EAI BI 
The greater the dissipation of energy, i.e., the lesser the efficiency of the 


fuser Vg » the higher the static pressure of gases after a reversible discharge 


t° 
From (l.l) we find 


Tact &—1 
7, Et My). (4.5) 


we find the increase in flow entropy when p = const by using (L.5) 


Attguc €p (Tact — Tu) k—1 . 
f. eg ee la) (4.6) 


= 


The stagnation pressure of the discharging air is ecual to the stagnation pres- 


e of an actual diffuser, since the exhaust actually occurs under the action of 


S pressure: t 
Pon... 1+ ts eae 
£R ° 

Pa Qu a) (4.7) 


After substituting here T; 54 from (4.6), we ottain an equation which expresses 
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Stagnetion pressure in-terns-of the velocity of ~he i:coing Plow and at the 


Kae 


efficiency of tne diffuser 


Pon _ Pte e216 a 
Pu 2 ak Ps 
€ 5 Tet ei (l—1,) 
(4.8) 
%s tt} 
=f 1 
os - 4 ; 


t-1 mit! 

When Na = ] the equation (4.6) turns into a well-known ecuation for reversible 
stagnaticn pressure; «on Ny = 0, me = i, 

Equation (4.b), which expresses the stagration pressurt in an actual diffuser 
diffuser in terns of efficiency Na is involved and unsuitatle for prectical cor- 
putations; diffuser efficiency Na is difficult to measure in practice. Therefore, 
although the value (4 hes a clear-cut physical meaning, it is seldcn. used. 

The quality of an actual diffuser is usually evaluated b; pressure recover; 
factor Oy 

The ra.io of the stagnation pressure of the flow which passes threugzh a diffue- 


ser, to the reversible stagnation pressure of the incoming flow is callec the pres- 


sure recovery factor O 4 


The greater the kinetic -mergy losses occasicned by frietiow-and -shocxs: < 
os Uhm fics enters ‘thoudiffuser,i.e., the greater the dissipation of energy, the 


lesser the pressure recover; factor O,. For total dissipatior. of kinetic energy, the 
e 


pressure dces not increase during the flow deceleration: Dog = Pre In tnis case 


the diffuser pressure recovery factor has the rin:rim possitle valve 6. : 


roy? 


With an increase in veiocity of the incoming flow An or Mh, the minirum pos- 


sible value of the pressure recovery “actor Onin decreaces (see Fig. 70). The pres- 


sure recover; factcr of an actual diffuser Og lies between unmtt~ and o 


Tut 
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t(0.,) <<< 1. 


The pressure recovery factor is easily measured in practice: diffuser stegna- 
tion pressure is measured ty means of a Pitot tube; the Mach number of the incomirg 
flow is neasured, fo- example, by 1.eans of a machmeter or by the incidence angle of 
an oblique shock wave which appears in the presence of the airflow arourd a wedge or 
a cone (these shock waves are distinctly visible in a fepler instrument or ir shaaow 
photographs). 

The depender:ce of the pressure recovery factor unon the l.acn rumber of the free 
stream flow is called the diffuser characteristic (see Fig. 72). 

Air input through the diffuser devends upon the cross-sectional area ol’ the 
tube's exhaust openinz which is joined to the diffuser (sec “ig. 59), aid upon stage 
nation parameters Pog and Too. 

The ratio of the diffuser's inlet section S, to the area cf its exhaust cnen- 
ing section So is called the diffuser area ratio f: 

fat. (4.16) 

The ratio of the weight flow rate of air G, through a diffuser to that weight 


flow rate at which the velocity at the inlet is equal to the velocity of the undis- 
turbed flow, is called the weight flow ratio Y: 


= et ell 
. Y WuwaS, Wty Sy (d ) 
For subsonic diffusers, the weizht flow ratio may be either lesser or greater 


than one: Y S$ 1. For supersonic diffusers (see Section 5 and those followinz) ? 2 4: 


Section 2. Additive Drar of Diffusers. Local Resistance Factor 
let us examine the flow that enters a diffuser (Fig. 60). 1ts velocity at the 
inlet section of diffuser w, is not ecual to the velocity of the free strear: flow wy. 


This surplus air impulse which asses through the diffuser is expressed by eaqua- 


tion (2.77) 


(Faas = 2. (4.12) 
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According to the theurer of impulses, this surplus inpulse, actin> in inlet 


section Sj, 1s eguai to 


(F,) = S814 (p.—p,) Si. 


The difference bet«.<.. the decelerating force of the flow acting in section S) 


& 
and the momentum o* the enclosed zir is called the additive diffuser craze ¥: 
X,= Fda (Fadans = C+ (Py 7) Sy ae, 136 = surplus’ Ci Lh) 

The air which moves fror: section 5S, to section 5) varies in its velocity fron: 
Value Wy, to wy. AL the same time, the pressure varies from p,, to pr. 

Additive crag is represented by a Soree which would act on the oxternal cemface 
of a solid flow tube H-1 (see Fig. 60). The force which acts upon tie curfacs of the 
flow entering the diffuser, i.e., the enclosed air, varies its woms.tun. According 
to the lav of the esua2lity of -otion end countermotion, the flo. sets won vie dil- 


fuser with a countersctins force Xe cvsal in magnitude dut ovrosite i: direccion. 


Additive drazs may be calculated tneoreticaily by determining the velocity; vy 


and the pressure c-, or may be measured experimentally. 


e 


¢) 


yt 


Fig. 60 Stream lines at the inlet to a sutsoni? diffuser, 
a) Yel; b) Y=]; c) y>? 
During the onerativc.. of the diffuser uncer design poiat cvorditians wy 7 W 


nn? 
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corpletely closed, :.e., when W= O, 


The ratio of auditive drag to the dynami> head at ridsnio cross 


engine is called the additive draz coefficient Cy? 
ee SS 
x, 
c =e O-, 
a qSu 


22 woen the exheust opening 


(215) 


Additive dras coefficients of suversonic diffusers are shows in Fiz. 73. 


The flow around the external surface of a diffuser acts upon it with a certain 


force. Tn2 nacelle's aersdynaric ars 


tne oncosing flow, upen the relative inlet area > 
ratio Q, and unvon reynolds 


During a flow through 


cur, and as a result the pressure decreases. 


See 
ra 
<= 
by 
nN 


unon the iach number of 
o . 

sy, upon the nass flov 
22 


the internal duct of the engine, friction and shocks oc- 


Pressure losses fron. shocks during a sudden exransion of the *low are express- 


ed by the Sorda-Carnot formula 


i), 


2 
1 wz [ Se 
?Py= 57 (w,— w,)?= hee (2 as 


[ya = shock _/ (4,016) 


A” 3 . . . ° eo. 
where Y' is the air density, which is considered to be a constant; 


Ww) and w2 are the velocities of the flow before and after the shock. 


The pressure losses in the diffuser are less than those during a sudden expan- 


sion. 


The ratio of pressure losses in the diffuser &fq to the pressure losses dur- 


ing a sudden expansion Ap, is called the absorptive stock coefficient p: 


dp 
— x 
Py 


(4.27) 


During a subsonic flow through tne exoanding »ortion of the diffuser the ab- 


sorptive shock coefficient y depends only on the angle of the diffuser opening XX, 


(Fig. 6l, b). 


Pressure losses in the diffuser dict ray be ex>-ressed by the so-called loss fac- 


tor or drar 
local value of the dynamic head q, (Figs 61, b) 
4 e ¥ ] 
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factor oe which is measured by the ratio of the pressure losses to the 


(eer 
q2 (L.3c} 


The loss of tctal pressure during a flow through the diffuser duct is equal to 


ne 
2g 


2P=Pu—Py='g,=6 (13.19) 


4 “| 


ie a7 as a9 10 M, | 


Fig. 61 The characteristics of a subsoric diffuser. 
a -- reletion of absorptive shock coefficient Y to the ansle of the dif- 
fuser opening O,3 b -- dependence cf drar factor § upon the xeyneles 
number Re;c -- reletion of pressure recovery Oj," to the -ach nurter as 
a function of various opening angles Ky. 


The pressure recover: factor oF in the duct of a subscnic diffuser is 


A ae 1 aces et = 
"ap oo ne} 1} ‘ . 
© ep, 140 267, °°?) , 
— Poo | i ee ee 
Utilizing the state forrula Yoo = nT op and notin; that era" 5 “k+l ‘9 
we obtain 
een ee 
ee er (4.20) 
Mi hy € (A») 
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At a low veiccity of Ae the derencernce of censity upen velocity Baz te cisre- 


serded. ihen, fror. equation (4.19), notirg that Yo = Yo x» ve Sind 


Pox Po 2? = Tt toys (16223 
of = Pon PP ont eB 
Po Po Po, k+l 


duct of a diffuser wher Ap <0.3. 
Assuning that pressure losses in a diffuser are deternined by the absorptive 


shock, we express the drag factor as a function cf absorotive shock factor wv; 


; 2 
I 


Section 3. Subsonic Diffusers 
A subsonic diffuser is represented by en expancing tube whose forwara edze has 
srooth outlines. To prevent disruption of the streem, a special aerodynanic form hes 


been imparted to the diffuser lin (Tic. 62). ‘the relative iniet area resio of sub- 


c 
Vv 


sonic diffusers is always less thon ones = f< l. 

Air flow through the operating system of an engine, to wnich the diffuser is 
connected, depends upon the total hydraulic resistance of the cuct and also upon the 
Stagnation temperature and pressure of the exhaust gases. The hydraulic resistence 
of the air duct is besically deternined by the cross-sectional area oz the e:haust 
nozzle (see Fig. 59). 

Velocity w, in the inlet section of subsonic diffuser S} is not equal to the 
welocity of the free stream flo: Wy S ity . 

In the presence of creat hydraulic resistance or 2 large texceratvre retic ~ a7 
the mass flow factor Gis small and the velocity at inlet section S) is less than 
that of the free strear flow: wy <w- The deceleraticn of the air begins ir front 
of inlet section S); the static pressure of the flow, in accordance with Jerrnoulli's 
equation, increa-~es and becomes greater than the atroscheric pressure: Py > Pye The 


deceleration of the flow in front of the diffuser is not accompanied by any losses. 


'herefore, during operation with external corpression the pressure recover) factor 04 
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increases, However, the diffuser's acuitive draz ccefficiert ce also increases vith 


an increase of exterral comoression. 


Fig. €2 The ecrodynanic forces which act on a diffuser lip. 


when the duct's drag decreases, the mass flew through the diffuser grows, and 
the velocity of the gases W) in inlet section S, increases anc may beccne greater 
than the velccity of the free strear flow Wy but may not cecoume greszter thar, the 
speed of sound: Wy) <c)- with an increase in velocity wy), the static pressure at 
inlet p, decreases and may become less than the atnospheric pressure p,, but by not 


nore than 1.89 tines: 


Stream lines at the inlet to a subsonic diffuser at various velocities at the 
inlet are shown in Fig. 60. During operation vhen the air stream that enters the 
diffuser is rarefied at the inlet, the air mcves in 2 direction towarc the diffuser 
axis at an angle comparable to the degree of rarefaction at the inlet, i.e., the 
greaier the rarefaction, ‘he greater the angle (Fic. Gi, c). At the same time, the 
flow detaches from the internal wells of the diffuser, and vortex formation accon- 
panied by an increased dissipation of the air's kinetic energy occur: oressure re- 
covery in the diffuser diminishes. marefacticr at the inlet tc tie diffeser is un- 
desirable. The relative cress sections of the diffuser are so selected that nass 
flow factor 4 ‘inoreasas- to reach unity: onkyr at tne-teast or the expected hydraulic 

) resistances or at the minimmn combustion temerature ratio 


“min* 
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. . . ays ; s ‘ Seay : ae cee Le % 
Subsonic diffusers usuglls operate with exter:al compression qrige GD, ase 


The air velocit; W, in the diffuser's exhaust (wide) secticn So, just as velc- 
eity w in the inlet section, depends upon the area of sections S, and So, Upon ’ 
1 ’ : ] 2 n 


Tn» Pny and upon the air flow Gy. Cn the basis of equation (2.u; it may be described 


as bd (Ga)max i a); W_== ¢ (Gu)max cae Ah. 


nS, 1252 ; (4.23) 


The critical flow velocity a and the stagnation terperature T,, are constant 


along the entire duct of the diffuser: 


The reletive velocity may be found by tne ratio of the total pressure to the 


static pressure: 7 nT 7 a9 
= fs 1~(2)* |. 
&—1L Po ml 
(4.25) 
: 7 ‘ : oo G, : . ty te 
With ar: increase of the mass flow ratio 9%= eis, the relative velocities 
“ { 


Ax and 2}. increase, the dissipation of kinetic energy increascs, and pressure re- 
covery factor Og decreases (seco h.20 and .21). The dependence of the pressure re- 
cover) factor upon mass flow ratio is called the off-design point characteristic of 
the diffuser O, = f (f7). 

In tae selection of a diffuser for an air-breathing jet engine, the r.aximur 
possible air mass flow G.., shewld-De-set“and, the cross-settional’ wran” of inket Si 
‘determined in. the assumption that (f= Lfor the maxim possible mass flow, rom 


ecuation (l.11) we find GC 
S, =a , (4.26) 
ala 
Section Sp is found from mass flor (2.74), in setting a given value for the 
relative velocity A>. (The relative velocity at the diffuser exhaust Xo is 2 function 
of the operating process of the engine.) 


ay ttl pr _ Gm 
=) gk x ™ aaPon 22 (hz) * (4.27) 


Example: Let us find diffuser cross sections 5) and So if the maximum air flow 
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through the diffuser 2 = 100 kz/sec, the relative flizht veiccit; An = 0,9, the 


Wax” 
Fese } 3 velocity at the diffuser exnaust at maximw: flow is 
Ag = 002, T, = 216.5% and p, = 2310 kg/m 


The stagnation temperature of the free stream flow is 


Te 2165 —_216,5 


| 
oe 2g) 10.9? ~ 0,865 
6 


The flow velocity is 
2ekR 
5,=),a=/\, /. or Tou=0; 9-183 oY 20 =260 MCR, 
The diffuser inlet cross-section is 
Gras Gmax R 100-29 ,3- 100 -29,3-216,5 


a Wala ~ WaPu we 960-231 2310 


=1,06 «?, 


The stagnation pressure of the free strean: flow zo, is 
—Pu___ _ __2310 


Pa . 0, 865": 5 ——F 5 = 3850 Ke] ae, 
tQ,)*—! 
The diffuser exhaust cross section is 
S-) k+l Gmnax 


gk as podat 
Tate As Ey) 1,06-0,9 
I2®2 dy €Q)) = 0,2 


(tga = Tai 6g 1, € (1g) = 1). 


= S; 0,692=3,3 2, 


Section lh. Various Forms of Subsonic Diffusers 

The inlet section of a subscric diffuser, as already stated in the foregoing 
paragraph, is so chosen that through the entire operating raiige c the engine, the 
di< “user operates with the flow being conpres ed externally. 

In those cases where the deceleration of the flow begins in front of the dif- 
fuser inlet (Y<1), streams of the enclosed air approach the edge at large angles. 
Because of this, disruption may occur (see Fig. 60). To decrease vortex formations, 
the walls of the diffuser have a smoothly formed profile o” the longitudinal section 
(see Mig. 62), The velocit of the air which Slows cround the diffuser lin enc the 
pressure on the outside wall. change. Lf the lip shave ic correcslsr sclecter, rarefi- 
cation will occur on it ( iz. 62) as 2 resulé of which shrust ~c: crise -- cs slg ie eS Bi 


shovm by Ye. S. ~heherbi!:ov -- even when the inlet is votrilr onen, i, ec, 
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The Conran jet engine acts on the tntennel and external surfaces of the 
‘diffuser. 

The internal duct of a diffuser may have any of various ovtlines. The most 
prevalent of these are conical and isogradient diffusers. 

The: conical diffuser. The geometry of a coniczl diffuser is deternized by two 
‘parameters: the expansion angle K , and the inlet ¢ross section ratio f) = 2 
(Fig. 63, a). The Length of the diffuser, as seen in Fig. 63, a, is exoressed as a 


‘ 


. i 
functiun of tne ratio G3 the greater it is, the smailer the expansicn angle OX and _ 


Fig. 63 Various forms of subsonic diffusers. 
a -- conical diffuser; b -~ isogredient diffuser. 


the- inlet area ratio fy: 
| tent IVA 
a oe oe (4-28) 

With a decrease in the expansion angle 4, the length of the diffuser increases 
aiid therewith, its internal surface and frictior losses. ‘The pressure recovery fac- 
tor Og decreases; in addition, the construction weight of the diffuser iicieases: 

Wut with ‘small expansion angles, the flow does not separate from the stdeg, 

With an increase in the diffuser expansion angle & , friction losses decrease 
and the diffuser's construction weight diminishes; whereas with a sufficiently large 
expansion angle, separation of the flow occurs and the pressure recover: quickly falls. 
The most advantageous expansion angle is on the order of 10-15°, 


The selection of the inlet area ratio £ is accomplished on the basis of an 


analysis of the engine's operation as a whole. The velocity of the flow moving 
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throveh an expending diffuser dinirishes. the sixbic pressure gros in proportion to 
the lecséning of the velocity. If the air density is taren as & constant, ana lesses 
are disregarded in the first agproximaticn, it is not difficult to find ths depen- 
dence between the .neréase in static pressure and the length of the diffuser by 


means of Bernoulli's ecuation: 


Mee w? $s? 
Pi-Pi= = (hw) = (1-3). 


wif a | 1 
r-r=(1 a [a ee | 


- : 
od (142-4 tg a | (h.29) 


The "i" indices beians to the local values of velocity, pressure, and cizmeter 
As is seen from equation ();.29), the pressure recovery occurs basically in the for- 
ward portions of the diffuser. 

Isozradient diffusers. The deceleration of the flow in an isogradient diffuser 


occurs in such a manner that the rise in pressure is uniform along the entire length 


(Fig. 63, b): PPI Stee ote 

<P — grad p=const. (4.30) 

- The relation between the ecceleration of the flow j and the pressure ;radient 
* is expressed by Euler's equation (2.29) aT = -= je The minus sign in@icates 
‘heat the direétion of the acceleration is towards decreasing pressure. - dn - 
an isogradient diffuser the product of the acceleration and density is constant 
along the length of the diffuser 
ra j=const. 

Assuming that the density of the flow is constant, we find the relation be- 
tween the length of the di‘ ‘user and its diameter, at which the deceleration of the 
flow is constant: j= const. 

The distance traveled during uniforr. deceleration, as is know: from kirenatics, 
may be expressed by initial and Se nee W, and Ww; 

(7) 


i 
= ry 
According to the continuity equation 
S; aj 
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. = oe 


ror here we obtain the acuaticn of tha weer i te of an isogradient diffuser 


without considering the compressibility of the air 


Se ee iat (1-4), (4.32). 
For the ifitt section d; = dy anced = Q. The length; whick corresponds te the 
tétal deceleratior of the flow | (age) 
S . 2 - 
At reer valeesies of free stream flow 0.54M,<1.0, one must consider the 


compressibility of the air for the desién of tie outlines of ain dsc racient diffuser. 
As the diffuser cross section increases, the velocity decreases anc tne pres- 
sure and density of tne flow increase. Thanks to the density increase, the velocity 
decreases several times more than the cross section. increases. 
In.a conical diffuter, where the Voioetts quickly decreases as the distance 


“rom the inlet increases, pre séats. recovery occurs basically in the forwarc porticns 
f the diffuser (see Fis. 63, ays and the pressure gradient is great. A large pres- 
sure gradient contributes to the sesaration of the flow from the walls and increases 
“he losses from vortex formations. To decrease the pressure gradient, the length of 
tonical diffusers is increased and the expansion angle O& is decreased. At reaver 
listances from the inlet section, the oressure gradient in a conical diffuser is de- 
creased. Thus a conical diffuser may be likened to an axial comoressor, the subse- 
quent stages of which increase the pressure less than does the first. 

Pressure in ‘an isogradient diffuser rises unifor:ly along iss entire length. 
The probability of the boundery laver separation is eqislky low in all sections of 
the diffuser. An isogradient diffuser may be likenec to an axial compressor the sub- 
sement stages of which produce an e-~wal inerease in pressures 

Yor the same initial and terminal dimueters and the same pressure recovery fice 
tors, isogredicnt diffusers are shorter % tha v1 ere the cor nacel diffusers. For the sare 
Length, the pressure recover’ facsor of an isogradient ciftfue er is nigher tnan that 


of a conical one. 


FaTS=97] 10/ V : 112 


Section be Expanues 2. i%t ‘sers in a Suserseric Flow 

At low sugersovic velocities of a flow (L.CKH 2) expancet difuusers are used 
(Tig. 64). To decrees drag; the Sorwerd edge of a diffuser is made sharp end its 
exterral surface is conical with a sn all inciderce anzle. 

The air flow through the diffuser is deterrined by the exhaust section of 
the tube which is connected with the diffuse: (see Fis. 593. If the thrvttle valve 


is completely clcsed, the mase flow through the diffuser is ecual to zero: G = 0; 


front of the 


= 0. “hen this haopens, a norral shock wave (Fig. 6h, a) appears in 
we 4 6 d Bs 
diffuser inlet. ‘he flow behind th shoce wave remains suysonie (<1) ane she air 


flows around the side of the diffuser. The additive "wave" drag g 4g is at maximu, 


The pressure in the tube, equal to the stagnation pressure behind the acrnal shock 
wave, is determined by Rayleig:'s formula (2.20). 

As the tube's inlet section is gradually increased, the air flow G, through the 
diffuser will increase, the normal shock wave will approach section Sy and will 
finally "sit" at the inlet rake (see Fig. 64, b). At this time, the air flow through 
the diffuser will beoome the greatest 

+ Gaas= We Si = W171 151. : (4.32) 

The cross section of the stream. tube will be equal to the inlet cross section: 


Sy = 8S]. The mass flow ratio will be equal to one: Y = 1. 


1) Normal shoe!: waves 
2) Rsrefieation waves 


| Fig. 6), én exmanded diffusor 
¢) Mors: 4 in a supersonic flov, 


@) Sep < Spacai, b) Sup = Spacai 6) Sap > Space: 


B\ Gane paspemonua 
The maximum possible flow EnTove the diffuser during a supersonic flow is 


equal to the product of the velocity of the undisturbed flow, its density, and the 


area of tne inlet opening cross section: Gras = Wy Si. 
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> «3 nee Mae watarAtli p sta 
For increases in the exhaust cro:s section, vac flow vate wali remicn cc.i stant, 


since pressure disturbances during 2 supersonic conditi : emo. spread upstream in 
the flow and the signal reflecting the variation of back pressure will nov de regis- 
tered beyonce the inlet section. The maszilow ratio durin; 2 suversenic flow carnol 
be more-that one: if WH, 2 1, thenY <1 

If one continues to increase the exheust opening of the tube even after a nor- 
mal edi auve, approaches the aiffuser inles opening, then there will occur an expan- 
‘Sion of the supersonic flow similar to that as manifested curing the flow zround an 
obtuse angie. 4 supersonic flow throuch the expandin: duct of the diffuser ends vith 
a powerful normal shock wave (see Fig. 64 ¢), the losses increase, and the pressure 
in the tube poo acquires a aitts sufficient enough to force out G = My V2 Eg or 

rm. 


air through the exhaust section of tube 6. every second. The pressure before the 


exhaust Do. may be found from critical flow forme 053) 


Ge Vie 
Pare (11.33) 


The function 8, which is dependent on-k and Re is shown in Table 2.1. 
The pressure recovery factor of a simple expanding diffuser O 4 in a supersonic 
flow is eoual to the product of the pressure recovery factor in a normal shock wave 


O or and the pressure recovery factor of an expanded diffuser On (when Ke = My): 


(s, mex O99, (3h) 
The pressure recovery factor.in a normal shock wave = is expressed by 
Rayleigh's formula (2.105). The pressure recovery factor of the expanded porticn, 


if the normal shock wave is located at or in front of the inlet section, is.determined 
as indicated previously in Sections 3 and !:. 

If supersonic flow continues into the expanded portion of . diffuser, losses in 
the terminal shock wave increase, and the diffuser pressure recovery factor becores 
less than the maximum possible. | 

vith an increase in flight speed, losses in the nornal shoe wave increase. 


Therefore, when Nye Simple expanded diffusers are not utilized. 
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LS op, seed estes” as *; ~ tA me E 
Section. 6, subeio ls Brows “aye 16 *rusere 
focal atic a ot 


At high cuccrsonic flight velocities (H > 2) enerz: losses in a diffuser wth 


* ‘ 
fs 


p normal shock wave at the inlet become large, and tne pressure recovery factor be- 


“comes Smail: «hen * = 2.5 6 520.5. To decrease the losses during the decelera- 
tios of the flew, it is advisable tocrephace: the powerful. sera) sroc« weve 
at the diffuser inlet by a system of weaker olique shock waves, concluding with e 
weak normal shock wave, since energy losses in a system of successive weak 
shock waves, which lead to subsonic velocity, are less than in a sinzle nerral 
shock Wave. 

To form odlicue shock waves, the diffuser is supplied witn #2 solxe wnich pro- 
jects tron the -inlet opening (Fig. 55). If several oblique shock «avis are required, 
‘the spike or "bullet" has multiole steps (Fig. 65, a). Sometines the subsequent 
oblique shock waves are creatcd by the supersonic flow intersecting the shell (Fig. 
65, b). Usually the deflection spike is cone-shaped.. During the approach of a 
supersonic flow to the point of the cone, a shock wave aypears, forsing angle &, ivith 
the direction of the undisturbed flow, The velocit: jrofiles durins she flow aroud 
the cone are not uniform, therefore the vroblem of an oxsect gas-cynatic computction of 
the flow around a cone by < swersonic flow entails cousiderable difliculties, ‘nese 
may be significantly facilitated, if onesolves the tio-dine::sionel problem and finds 
the parameters cf the flor behind the two-Cimensional shee!: weves wivich are formed 
during the flow around 2 wed«e whose incidence angles are so selected as to assure 
that the crising shock viaves should be the same as those rezistered derins the flow 


around a cone. A wedge rroduces greater disturbonee of 1 flow tarn docs a cone; there- 


fore, in order to give rise to identical shoc!: waves, the angle of Lhe weize mst de 
less than the angle of the cone. If the «ngle oF the cone O on is siven, the re-uired 
angle of the wedze Oy, mey be found b:- means of the graph plotted in Tig. ho. The 
transition from a mltinle shock-wave cone to a weice is chorm in wie. 6, 
b _ The inlet slot, measured oy the normal to the flow, has % riageshared cross sex 


tion along the conic 1 spice, with arca 


PO i 
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~ +7 
, UZ = Slot ; 
Su yy (dj--a, ara) COS “cours WPA = Spice 
Oby = total (L.35) 
where d) and dey ‘are tne dianeters of tne inlet and spike in the plane of the 


inlet cross section; 


id ’ 
vv abahny isthe total rake angle of the flow. 
odshch -— Saadpace (Sip) pace 


Ay Kocere 
emavnr: 


paree 
WOK 


6) 


Tig. 65. Schematic of shock waves at the cnet to a multi-shock-wave supersonic 
diffuser. 
a -- diffuser with a multi-step bullet; 
b -- diffuser with reflected shock waves. 
egend: A) oblique shock waves; 3B) normal shoc’ wave. 
The inlet slot corresponding to a wedge-shaped spike has tne form of two 
rectangles (see Fig. 66); 
S)=2(a,,—4,,) BOS ®,4y., (4.36) 
dere ayy, is half of the "height" of the inlet slot (see Fig. 66); 
ag is haif of the "height" of the wedge; 
d is the width of the slot. 


If the shock waves on a wedze and a cone have a similar intensity, then the 


eross sections of the ring-shaped aid rectenaule slots will de emaliy love, 


3) Nip moyzonenan mere 1)5as Legends 
yr RRC 1) cone 
LEER «= 3) 


3) vect:ngular slot 


y 1) xing-sheped clot 
; 5° W cone 
N ; 5) Ghedge 
N ; at 7) Sslot 
IIS a Al ) Sprene 
my oe 
i . “y9) set 
/ Y ° 
ESS ESES LLLLED “ring 


Kaneyolan ujens Strom $°) 
Fig. 66 The transformation of a computed two-dimensional (vedge-shagcd) diffuser to 
a conical one. 

Let us exainc, first, a two dimensionai multiple shock-nave diffuser. 

Let us designate by W), @2, 3, etc., the rake angles of the flow on the 
first, second, third, and other stages, which are equal to the wedse anzles, (see 
Fig. 65). Let us designate by O, XH, X, etc., the incidence angles of the 
shock wave with the flow direction behind the previous steo. The distance ‘rom the 
apex of the angle of the first, second, and other stages to the plane of the inlet 
slot we designate by 21, fo, by, etc. 

The angles of the wedge W), Wo, w, are so selected that during a given flow 
velocity M, one may obtain the highest pressure recovery corresponding to the least 
wave drag. The most advantageous flow rake angles are those b; which the total growth 
of air entropy in a series of oblique shock waves seens to be the least. The calcu- 
lations are confirmed in supersonic wind tunnels. This probler was solved dy G. I. 
Petrov and Ye. ?. Ukhcv in the USSR and by Qswatich in Cerniany. 

The incidence angles of the shock waves Q&; depend upon the flow velocity before 
the snock wave and upon the flow rake angle W,. Thus, for exanple, the incidence 
angle of the second shock wave &» depends «pon the flow rake angle Wyo and upon the 
flow velocity My; ahead of the second shock wave. 

The distances t,, ft, t, +». are such that as the flow proceeds along the ex- 
ternal diffuser, the surfaces of all the shock waves intersect the edyves of the inlet 


slot (see “ir. 65, a). 


F-TS-97L0/V 117 


ee . 2 Pome ts tunt 
Ii is seen from tne forruia tnar 


a oa d,. 
A igs, '- 


The distances. t,, ty etc., nay be found either dy trigononetric computations 


(&.37) 


or by construction. 

after passing through the first shock wave, which acpears when the flow passes 
the. apex of the wedge, the supersonic flow behind the shock wave deviates from its 
original direction and bagitie to move parallel to the surface of the first step of 
the wedse (the directions of the flow are indicated in Fiz. 65 by_arrows). The den- 
sity and pressure increase; the flow velocity remains sugerscnic: HW,>1. Afver pass- 
ing through the second shock wave, waich appears av the junction line of the first 
steo with the second, the flow again turns and moves parallel to the second step; 
the velocity remains supersonic: iol, and the density and pressure increase. 3e- 
hind. the third shock wave, the flow moves parallel to the surface of the third steo, 
the velocity continues to be greater tnan the speed of sound: M3? 1, and tne density 
increases still more. For this reason, a strongly compressed flow appears in the en- 
gine inlet slot which has zn area Savoye The originel cross~sestion of this flow is 
equal to the total inlet cross-section Sy = Sy. A normal shock wave appears in the 
inlet slot or vchird it. and the flow velocit: tecomes sudsonis: ii, < l. 

A multi-shock-wave diffuser operates similarly to the tapering duct of an ideal 
ramjet engine (see Fig. 58). 

The air flow through the diffuser is determined by the continuity equation. 


For design point condition, when the shock waves are focused on the inlet edge, 
f ee C.-w ne _ ; 
| 9 91 = Wale S a= Mag lig Oey" (4.38) 
The flow parameters at the plane of this slot are marked by the index "shch". 
In this case the cross sectio: of a free stream flow entering the diffuser is equal 


to the total area of the inlet, including the cross section of the inlet spike: 


2 
S) * ~ d, , where d, is the inlet diameter. 


For the given engine internal hydraulic resistance, the terninal normal shock 
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wave is located in the inles section (see Fig. ¢5,. The flow sslocity dehina the 
normal shock wave becones subsonic. During subsequent flow iyraugh the tapering duct 
of the diffuser, the velocity may at first grow and reach tne speed of sound in the 
critical section of tne throat: Wyo, = x, Myop = 1. The deceleration of the Slow 
A 21 occurs in the expanding subsonic oortion of the diffuser during operation 

at the design point. 

. So that the flow velocity through the engine duet and the local pressure losses 
do not become excessively large, the inlet diameter d, must be less than the maximun 
cross sectional diameter: d,<d,. 

An oblique shock wave appears as the supersonic flow intersects the ccnical 
diffuser shell (Fig. 67). The stream lines are distorted, and the static pressure of 
the air increases. The ratio of the increase in static pressure to the dynanzic head 


of the free stream flow is called the pressure increase coefficient dav 


Pls. 
Po Pi Pn 2 Pw : 
on q ko oM (4.39) 


As the distance from the inlet edge is increased, this pressure coefficient 
gradually decreases to zero (Fig. 67). 
The increased pressure acts upon the shell's surface, creating external vave 


drag of the diffuser. 


Fig. 67. The oblique shocx waves wnich appear at the intersection of a supersonic 
flow with the shell of a diffuser. 
The relative pressure increase is shown by a dotted line. 
The external drag of the diffuser is equal to the product of the average pres- 


sure increase Ap... = Paav4 and the frontal area of that portion of the shell defined 


aS Sob = 5y-S) plus the friction forces Xt~ = SpoKa 
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Nea =S.af Pasa + Sine y=S.8 | Pass 52 +6), (4.0) 
t ows same 


nere-c¢ is the friction factor which is dependent cn the Reynolds number (see Fig. 
3). ° “3 | 

The ratio of the external drag Xo, to the product of the dynamic head and the 
vce -oreess-seebional-area of the engine ig called the. diffuser-Lip externial-drag - CO-~ 
fficient exob- 
2 a= (Punt ZE)C=2). (uti) 


1éNn- Poe | 
Aas =. Xe=0; , 52= ~ 


S 
With asdecreasg of: the inlet areaaratio ‘f° oe the external drag growse. 


tn a decrease of the incidence. angle of the Shell's internal surface 6: cat constant 


let area ratio f = const, the shell's exte 


= —f) increases, duc 
) the increase in its length f= + =A « The force of friction Xry also increases 


erewith: whereas ‘the: oblique shock wave » which appears by the inlet edge, beco™cs 


*ss powerful and the increase in static pressure diminishes. Calculations corro- 


rated by test indicate that the most suitable Jip incidence angle, the one at 


ich additive external drag seems to be lowest (when i = 3.3), is equal to 4°, 
A Schlieren shotograph of oblique shock waves which appeared at a diffuser in- 
‘t at the design point condition, is shown in Fig. 69. 


po Bl 


4 w's ww" 3 


a 66. The dependence of friction coefficient Fig. 69. 


A photograph of shock 
‘© g upon Reynolds number R, 


waves at a diffuser in- 
. let at the design point 
’ conditions. 


With an increase in flight velocity M, or An the comoression of the flow in 


lique shock waves grows, and the computed cross section of the inlet slot Ssheh 
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and: the ciffuser> thrgat Sip, decrease. 
The necessary: diffuser cross sections are determined. by xéans of a gas-dynazic 


picuiction : 


‘Section.7. The Calculation of a Rultiple-Shock-Kave Diffuser 
The calculation of a aulgiwshourAave diffuser includes the following stages: 
1. Calculation of pressure recovery.« 
2. Construction of the diffuser géometry. 
3. Determination: of the critical arene section of tne ai.ffuser.. 
i Determination of the ‘stagnation impulse. ; 
The calculation of pressure recovery. We shall agsuice the calculated flight 
speed iip, the number of steps, and. the flow rake angles wy, Ws, -W:, » etc. 
We shall find the first step's incidence angle Oy =f (5, 5 w)..) by formula 


(2.12k) or by the graph in Fig. 43. The velocity My, the peesecre ratio =, the. den- 
sity ratio’, and the temperature ratio a behind the first shock wave after U1. 
and i:2; on the ‘basis of velocity 1}, and the flow rake angle @J] cre found by formulas 
(20118), (2.119), (2.122), and (2.123) or by the gravhs in Fige 39, 0, 12, and h2, 

Subsequently » by formula (2.124)--or by the graph in Fig. 3 we find the inci- 
dence angle of the second shock wave W> on the badi's' of Velocity M. behind the 
first shock wave, and the flow rake angle at the second step W,: Xf, = f (Ny ; W.). 
The vetoci by Mo, the pressure ratio x, the density ratio Sa and the temperature 
ratio i behind the second shock wave are found by the forrulas or graphs indicated 
above. 

We determine the third step's incidence angle X; Von’ the: baais’ of: veloc ity’ i, se 
the flow behind the second step and the flow rake angle on the third step Q) 3 and 


then, on the basis of the same quantities, we find the relative air parameters behind 


the third shock wave 


P35, 03,73 and w 
Po 2 Y9 3 
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Th2 pressure, density, and tenoerature behind the las> shock wave, oxpresscc 


as ratios’ to the parameters of an undisturbed flow, are equal to 


Pa. Pi Pa Pa 
Pu Ss Pa Pi P2 
Gh ws, 
le Ya 11. %2 
Ts 71.72 Ts 
Ta Te 71.7, 
Flow ‘parameters behind the terminal normal shock wave, expressed as a ratio to 


Py. ¥i, T 
the parameters. of the flow behind the preceding shock wave of a Tt are found by 


thé graph in Fig. 36 or by formulas (2.101), (2.103), (2.106), and (2.108). 
The stagnation parameters behind the normal shock wave as a ratio to the para- 
meters of an: uidisturbed flow: 


Po4_. Bs: Por, Yo _. Ya. 104, Tog T3-To4 


—=s— —_—— 


ee ee ee ee 
We carry out the verification: 
-— Toa 7 
To 1 <=" M3; Pos Toa Fou 
Ta re Pu. Tn T 
The pressure recovery. factor: of a nulti-shock-wave diffuser is 


The calculations of various diffuser systems, which are corroborated by experi- 
ments, show that the pressure reccvery in multi-shock-wave diffusers is great, if tune 
flow rake. angles are correctly chosen. 

This, with three oblique and one normal shock wave, if Ff = 3, then O.> 0.6. 
The pressure recovery factor diminishes with an increase in the Mach number. The 
velocity characteristic of the diffuser, which is found by an experimental method, 
is depicted in Fig. 70. 

The construction of a diffuser geometry. After the incidence angles of the 
shock waves on the individual steps of the spike are found, it is not difficult to 
construct the geometry of a diffuser. For this, it is necessar; that the surfaces 
of all the shock waves intersect the diffuser inlet edge at the design point velocity 
of the free stream flow M. = Miasays 


Let us take the surface of the first shock wave AQ (sec Fig. 65) at angle X, 
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fron point A to tue axis of the engine OG. The point of intersection of line £0 
with the axis. forms the anex of spike 0. Let us take tne surface of the first step 
of wedze O08 at angle w)) from. point 0 to the axis of the engine. we take the sur- 
face of tne second shock wave A5 at an angle of X, from point A to the surface of 
the first step 08. Point B forms the apex of the second step. te take the surface 
of the second step RBC at angle w, te the surface of the first step O23. ke take the 
surface of tre third shock wave AC at angle of 3 from point A to the second step BC. 
Point C forms the apex of the third step. ‘te take the surface of the third step CD 
at angle w, to step 30. In this vay ons may construct the remaining sters if their 
number is greater than three. ‘%e find the direction of the terminal normal shoc!: 
wave by dropping a verpendicular AD from point A to the direction of the last step 
CD. The flow behind the norma: shock wave becomes subsonic: MS 1; the diffuser 
duct in the subsonic area must be expanded. The expansion of the duct is accorplished 
at the expense of the expansion of the outer shell and the narrowing of the rcar por- 
tion of the deflecting spike. The form of the exognded portion of a supersonic 
multi-shock-wave difi‘user is selected in the same way as for a subsonic diffuser. 

After the georetry of a two-dimensional diffuser is constructed, one must pro- 
ceed to the axially symnetrical diffuser with a wedge-shaped fsic7 spikee The direc- 
tions of the oblique shock waves Ki» Xs %3, etc., remain as before. The rake 
angle of wedge a, we change to the greater rake angle of a cone WD? on (see Fig. 66) 
by making use of the graph in Fig. hé: Wr ew ke! The point of i iver'seetions B! 
‘of the cone's surface OB' with the surface of the second shock wave forns the apex 
of the cone's second step. The anzle of the cone's second step we leave unvariable, 
since the curvature of the surface is small and the second terminal step oroduces 
almost the same flow disturbance as does a tko-dimensional: u) Sone wre 

We take the surface of the cone's second step at angle W? to the surface of 
the cone's first step 03' (see Fig. 66). The point of intersection of the surface 
of the second step with the surface of the third shock wave C' forms the apex of the 


third step. We take the surface of the third step at angle wo, to the surface of the 


F-TS-97L0/V 123 


second steo. Thus tre transition fror. 2a ee ies spike to a conical one procuces 


Fige 70° The Dependence of the Pressure Recovery Factor in a Diffuser rosy upon the 

Mach Number For Various Stagnation Methods and For Yarious Systems of 

Shock Waves 
a substitution of only the first angle Wy for the angle of a cone WD) oa and the 
rake angles: of the second, third, and other cone steps remain equal to the angles of 
the wedze. This is natural, since the. lesser the curvature of the ster, the further 
it lies from the apex of the cone (see Fig. 65). . 

The cross sections of the spike steps are, correspondirgly, 
. SH 7% 


SH = (G-h): 


S=7 (G-4). 

Deterrinatdion of the Critica al Cross section of a Diffuser. The cross section 
of the siot 5 shen MAY be found from the continuity equation, when one knows the velo- 
city and density behind the normal shock wave W), and %y or behird the previous 
oblique shock wave W 3 and Y3. 


The absolute velocity behind the last oblique shock wave is 
= M,V gkk7y. 


The slot's cross section, which is measured along a normal to the flav behind the 
last oblique shock wave (see Fig. 65), is found by the continuity ecuation 
Su. Wale mM /B. 
Sex tata Ma 3 VY Ts 
The equality of the values of Sshch? found fron tne above equation and by means 
of a geometric construction, is excellent proof of the exactness of the computations. 
The normal’ shock wave will be located at the diffuser inlet only in case the 


vube's exhaust section Sor is equal to the computed value (l.ih). The following 
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paragraph discusses the operation of a malti-shock-weve diffuser et off design point 
conditions. | 

The calculations performed above are somewhat idealized. In actuality, the 
velocity profiles behind the shock vaves are not uniforr. Due tc friction on the sur- 
face of the soike, a boundary layer develoos, and the velocity of the flow falls; in 
order to admit all of the onconine flov, the inlet slot is made larger than the cal- 
culated design value. A computed slot is indicated in Fig. 65 by a dotted line, and 
an actual one by a solid line. 

The air velocity behind tt. inlet slot of the diffuser increases and becomes 


ecual to the critical velocity. 


_ yf 2g8RTin 
w,.= } / aio 
ap / k+l e 
The. density aoproaches the critical density 


we PO 2 
Ute pia eee : 


where Pow is the stagnation pressure in the case of a given system of shock waves. 


The critical section of the diffuser throat is found from the ratio 


S, .= WaleSor Pater oe 


== Se 


Weplep Me (Ayo, * 

Determination of the stagnation impulse. During operation at design conditions, 
tne surfaces of the oblicue shock waves intersect the diffuser inlet edge (see Fig. 
65). The cross section of the stream tube Sn is equal to the cross section of the 
inlet Sy (not. to be confused with the cross section of the inlet slot S shch) The 
mass flow ratio ( = 1 and additive drag is absent: X, = 0. This means that the 


surplus stagnation impulse of the free stream (Fis e09 acting in section S}» is equal 


’ tf a . re 
to the momentum of the stream. tube (Fis eb! 
(F) __ Gea _ WSi% 
Os = 


On the other hand, the stagnation impulse of tne flow in section S; is equal 
to the pressure integral acting upon the spike, plus the momentum and the unbalanced 


pressuie forces at the inlet slot. Projecting the acting forces onto the diffuser 
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axis, we obtain ; 
© Fidese= 47S, + APa(SatS)+ + - - (2S +Sudpr) e054, 
dere Sj,» S25 $3 are the maximum cross-sertions of the spike behind the first, second, 
third, and other steps; 
Ap» Apas 4p, are the average surplus pressures which act on the individual steps. 
In the Sasa oF a two dimersional bullet these oressures are constant; 
® ob is the total or general deviation angle of the flow: 
‘Wap, = , + WwW, + W,.+ er 
© snch *s the slot's cross section, reassured by a normal tc the -strean. 
lines; 
Ap, is the surplus pressure in the inlet slot, equal to the pressure be- 
hind the last oblique shock wave; 
We is the velocity in the. inlet slot, equal to the velocity behind the 
last oblique shock wave. 


Gw. 
The equality of the momentur of the free stream flow = and the stagnation 
orces acting in the inlet section is excellent proof of the exactness.of the compu- 


ations. 

Example: Calculate the pressure recovery factor of a four-shock-wave diffuser 

aving a conical spike, if the angles of the cozical steps are: 
 W, = 2h°, W, = 10°, Q), = 52; 
he terminal shock wave is normal and the velocity of the free stream flow Mn = 3.5. 

The calculation will be carried out with the aid of the frashs. 

We find the two dimensional angle, which produces the disturbance of the flow 
orresponding to the giver cone angle Or on = 21°, According tc the graph in Fig. hé, 
Me = 15°. The incidence angle of the first shock wave and the paraneters of the 
.r behind the first shock wave when M = 3.5 and w, © 15° are found by the graphs 


Py Vi 


i Fige 39, oO, hi, 2, and 3: %) = 29°; My = 2.61; 1 = 3.2 3 ~-_ = 22h; 
: , Py Vn 
_ = 1.67. The angle of the secord shock wave relative to the direction of the flow 
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behind the first siock wave, and the peraceters of the air oehina the secend shecs 


wave are found by the sene grashs for Ky = 2.€2 and Wz = 109: XK, = 29.79; 


a ‘ Po 2 lad . 2 3 . 3 
Mo = 2.16; Py = 1.90; Ti = 1.57 and my = 1.212. One must observe the eoualit; in 


both cases 


eee ee ee ee 


The angle of the third shock wave relative to the direction of the flow behind 
the second shock wave x, and the parameters of the air behind the third shock wave 
are found by the sane graphs for My = 2.18 ana Ww, 25° 


03-=31,2°; M;=2,00; Pec 


2 1,93; Ts _ 1 087; (2-22). 
- 2 T, ma 6a T 


The stagnation parameters behind the terminal normal shock wave vhen M = 2 are found 
in accordance with the grapn in Fig. 36: 
bu_s.62; 3,12, 24=1,8 
P3 13 T3 
The parameters behind the third shock wave, expressed as a ratio to the vara- 


meters of an undisturbed flow, are iA Pi Po Ps 3.24-1,90-1.34—=8. 26 
we a ob Wk I=, £0; 
Pu Pa Pi Pa 


3 BW 9 01.1,57-1,23=4,27; 
2 


Is 1s ht 
Ts 11 In Tx 
Te Ta T; Ty ene tOT- 1 212-1 0871 93. 


The cross section ratic of the inlet slot is 


Sa Me Ys Tr 3,25 1 
= pi Epa geal Lert | 6 994, 
Sex My Vs T3 2-4,27 1,93 


The stagnation parameters behind the normal shock wave are 


Pos Poi Pa 


= i FL _ 5 62.8,26=46, 3; 
Pu Pa Pa 
You _ Tos. 79.=3,12-4;27=13,3. 
Tu Ts I 
T To, T.: 
ni = 7 7 1 8-193=3,47 
or, otherwise, . 


TT ae a M?==1 “++ 0,2-3,52=3 45; 


Tos _ toa Tos 
. OT gas 13,3-3 7= 
Po ota My f7= 46,3. 
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Bow _ Zar agit 
a(R) 6%en, 
The pressure recovery factor is 
au 
Pow 77 
Pu 


If the flight occurs at an altitude of H = 25 km, where the pressure is equal 
to 253 ke/en, then the diffuser considered by us gives.a pressure of Pol, * h6..3 Py = 


11,700 kg/m? = 1.17 atm, totally sufficient to sustain combustion. 


cade eae Tonner aeteateeentdiemelian oneathe nahin nm mae nn aherdaentene eee enamineanes haere ne pea ee Ce een aoe Re te See 


tions. Additional Resistance. 

The operation. process of a multi-shock-wave diffuser is depende::t upon two 
factors: the Mach number _of the free strear. flow and the tube's exhaust _opening 
cross section. Let us examine the influence of these factors upon the operation of 
a multi-shock-wave diffuser. 

The overation of. a -multi-shock-vave diffuser at an off Gesien point velocity 
is: nF rasch: If the velocity of the free stream flow is greater than that of the 
design value: My>Nrasch» then the incidence angles of the shock waves decrease 
(see Fig. 43) and the surfaces of the shock waves fall not upon the forward -edge, 
but inside the throat (Fig. 71, a). During the approach of the free strean flow to 
the exposed diffuser edge, a rarefaction wave appears, as during the supersonic flow 
aroui an obtuse anzle. The flow compressed in several oblique shock waves, and the 
fi. waich has passed through the rarcfication waves, will both penetrate into the 
throat. The vrofiles of velocities end pressures at the inlet to the throat abrupt.y 
becomes dissinilar. In the subsonic sortion of ‘the diffuser there ,ill occur a gradual 
straizhtenins of the mrefiles, but the average staghation .ressure will prove to be less 
thin the possible maximum at a given velocity MN. The .ressure recovery factor Og well 
be ldwered: The dependence of Oy on if, is aepicted in Fig 72. ‘the dif-“user mass slow. 
ratio at flight velocities hizher than the clesign roint renains emal to one, and the 
ware drag equal to zero, 
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if the fligat velociwy is less then the Jasin ~o3 


u@si'7 an oe oer vwne ine 
. a te oe * os 
» 1 ~ascn? 


cidence angles of the shock veves increase (see. .'iz. }3). The shoc: waves cease to 


touch the inlet edge (Pi + 71,0) «end increased vressure desins to act on the surface 


of the conical shell of the difuser. The boundaries of the flow yassing cinwuh she 


engine, which run parallel t> the spike generatrixn from the fozcord Ose, ars renre- 


sented in “ig. 71,b, by 2 dottes line. The smaller the flow velocis: i, the cre-ver 


the incidence angles of the shoe’: waves, the lesser Line Crost~secti yn 0. the sive 21 


tube Sy, and the lesser the mass flu: ravie Q= a 


\ 
ido) 
= 


. MaoM pace 


Leyend: 
X= suwsInie Plo 2% the inlet 
Oo - supersonic Flow ab the inlet 


“ 


Fiz. 7. " Schenatics of snc: vaves which Fig. 72. The velocity chvracteristic 
appear at the inlet to s diffuser at off of a dif.user W= 229; @ 
design point velocities. 7 ME = O53) 


<) Va ae iy Ter 


With a decrease of the mess flow ratic ~ the additive wave drag X, of the dif- 


fuser increases. After finding, as was shorn above, the pressure ratios behind the 


P) P2 P 
first,. second, tuird, and other shock waves are —, = 2 eee, One may find the 
Pn’ Ph Pn 


additive wave drag of the diffuser by assuming that the pressures which act on the 
surface of each step of the bullet are uniform. 


The forces which act on the surface of each step are respectively equal to 
X=S,(.—P)=— Fp. (2—1); 


=(S—SMar—P.)=7(G-A)p, (2-1). (u-l2) 
The additive drag of the diffuser (see Chapter Ii, Section &) is 
XX 4+ Xet es +(e.) Sa+ 4) cose, — 2, (44043) 
& 


Additive diffuser drag in the case of conical spikes is nore reliably determined 
experimentally by testing model diffusers in a supersonic wird tunnel (see Fig. 59, b). 


Additive drag is determined by the mass flow ratic: when Y= 1, Xq = 0. bith 
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a decrease of the mass flow ratio P the additive drag increases (Fig. 73). 

The additive: wave drag coefficient referred to. the maximum cross section, is 
.equel to 
* gSu. (lsh) 


‘The mass flow ratio is equal to the ratio of the actual flow rate tnrrough. the 


engine to the maximum possible flow rate 
— GF , watsSn = Min) / TS . (1.45) 
WatnS) WuteS1 Mutu T, S; . 
The cross section area ratio of the inlet slot for a given diffuser is known: 
7 5 
f= so ve find the mass flow ratio ” after determining, as was shown above, 


#3, ¥3. and T3. 


At sufficiently low M,, the velocity of the flow before one of the steps be- 


‘comes so small that the flow rake angle proves to be greater than critical: G) > W). 
(see Fig. 38). The oblique shock wave before this step is transformed into a normal 
one (see Fig. 71). The pressurc behind the normal shock wave begins to act not only 
on the inlet section, but also on the steps of the spike which lie behind the normal 
shock wave, and the additive wave drag abruptly increases. With a subsequent de- 
crease of My the normal shock wave is displaced to the point of the spike. 

For exemple, in the case of the diffuser considered on page 126: 
®, = loo 0 10°; w, = 5°, a normal shock wave appears in front of the third 
step, as seen in Fig. 38, when M2 = 1.2), i.e., when Neve (see Fig. 39). A normal 
shock wave appears in front of the second step when M, = 1.42 or when M, = 1.94. A 
normal shock Gave appears in front of the first step at My = 1.62. If the diffuser 
is intended’ for operation through a wide range of velocities, beginning at Ms Mnasehs 


then to decrease the inlet wave drag, diffusers are used with small inlet section 
Sshch 
5) : 
Example. Find the mass flow ratio of a 15°, 10°, 5° diffuser if M, = 2.5 and 


area ratios = and large mass flow ratios Y, i.e., large slot area ratios f > 


~ 2shch 
f 3; 0.29). 
We find the parameters of the air behind the first shock wave on the basis 


of velocity My = 2.5 by the graphs in Fig. 39, hO, l., and h2. 
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M,=1,67; Pt 947; 1,.1,87; Tht 32, 
e Pa te: T. 


yy 
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Fig. 73. Additive diffuser drag. 


a -~ the dependence of additive drag Xq upon the mass flow ratio Qs; b -~ the 
dependence of cq upon the mass flow ravio,. 6 —— angle determining the posi- 
tion of the spike in relation to the inlet edge. (see Fig. 65, &} 


On the basis of velocity oT = 1.67, we find the parameters of the air behind the sec- 


T n ; ; 
ond shock M, = 1,33, Pe = 1.65; Vee 1.2; © 1.155. On the basis of velocity I, 
Py st ty es 
_= 1.33, we find the parameters of the air behind the third shock wave 
P3 V3 13 - 
M3 = 1.13; Po * 1.32; Y? = 1.21; To = 1.08. ke determine the parameters which have 


to do with the condition of the free stream flow: 
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#3 = 9,47-1,65-1,31=5,35; 
Pu 


"8 167-1,42-1,21=3,91;. 


, 73 =1,32-1;188-1,08=1,65. 


‘The mass flow ratio is 


et f is “5 3,21 o/ 7,68-0;291=0,550." 

The operation of a nulti-shock wave diffuser with an off design point. tube 
exhaust section area. The location of the. terminal. normal: shock wavedes sre 
pends on the area of the exhaust seeuian of the tube, which is connected te the dif- 
“diffused (see Fig. 59). At. a certain "desigm point" cross section area of the ex- 
haust opening Sher? a normal shock wave is located at the inlet slot (see Fig. 65). 
If the exhaust section of the tube Sher is greater than the design. point one: Shor 
>Spasch (Fige 7h), a normal shock wave does not form in the throat and the flow re- 
mains wanersonie: As a supersonic flow reaches the inlet edge, 2 rarefaction. wave is 
formed. The flow in the divergent portion of the diffuser will be accelerated and 


will end with a powerful normal shock wave, accompanied by great losses. The air 


flow will remain constant and equal tc the maximum possible value: 


. | : G= Mr Srep= W,5,=const; g=1. 
; 5 5 "| A Mpasou : 
Samp y (Samp 


Cane 
Fig. 7. Schematics of shock waves which appear at the diffuser inlet at off design 
point hydraulic resistance. 
a= P=1, b -$ <1. A) normal shock wave. 

The air pressure in front of the exit from the tube will be such as required in 
order to discharge G = w,, as kg of gas from the exhaust section every second (see 
4.29). 

With an increase of the area of the exhaust section S.., the pressure ahead of 


the exit falls and the recovery factor decreases. 


If the exhaust section becomes less than the design point value, then the stag- 
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nation préssure. ahead of the exit will be almost constant: Sons nasen Poor oy const. 
Ph 

The air flow through the diffuser, and, consequently, the mass flow ratio will be de- 

creasing directly proportional to the exhaust ercss section erea. The incidence angles 

of the oblique shock waves on the individual diffuser steps will remain as- before. 

A normal shock: wave will move forward from the throat end be located at some dis~ 

tance da fron of the inlet, decreasing the surface of the oblicue shock waves. 

(Fig. 76, b). A portion of the comressed subsozic flow from the space behind the 

normal shock which, when Syvch > Srasch Was directed into. the diffuser throat, will 

now flow past the throat zround the diffuser along its sides. The mass flow ratio Y 

decreases; the sunace exoosed is the acvion of the pressure which has grovm behind a 

normal shock wave, increases, .The wave drag of the diffuser augments (Fig. 75). 


The location of the perma reo wave becomes unstable and diffuser "ouzzing" begins. 


Poy 


Fig. 75. A photograph of the Shock waves which appear at a diffuser inlet when 
¢Y <i. 


The off design point characteristics of diffusers are usually tested experi-~ 
mentally, by flowing air at small diffuser models in wind tunnels. The directions 
of the oblique shock waves depend only upon the Mach nwnber or upon the flow rake 
angle and not upon the absolute dimensions of the models; therefore the results of 
the tests performe - on small-scale models may be carried over to full-scale diffu- 
sers with only a small correction for the relative value of the throat, since the 


relative thickness of the boundary layer on various scale models is not similar. 
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CHAPTER V 


JET NOZZLES 


The compressed gases, which are heated in a combustion chamber or in a heat ex- 
changer, are exhausted through an exhaust nozzle. In the exhaust nozzle the gases' 
pressure falls and their velocity éncreases. The gases, which are exhausted from the 
nozzle, act on thei @aeine with the force of their reaction; therefore, exhaust 
nozzles are often called jet nozzles. In a jet nozzle the enthalpy of the gases is 
changed to the kinetic energy of the flow. 

If the relative pressure drop across thenozzlée is less than critical, the 
velocity of the flow from the nozzle. will be less then the local speed of sou:d. 

If the relative pressure drop aanous the nozzle is greater than critical, the 
velocity of the gases which are exhausted from the nozzle may become greater than the 
local speed of sound. 

In conformity: with. the discharge. velocity, .tha.iezales are divided into sub- 
sonic and supersonic types. The aoneouns of subsonic and supersonic nozzles are dif- 
ferent. 

In order to pass various inputs of gas at a given temperature and pressure or 
in order to pass a given gas input at a given pressure and various temperatures, 
the cross section of the nozzle must have a variable value. ‘hese nozzles, whose 
cross section may be changed, are called variable-area nozzles. Sone makes of sub- 
sonic variable-area nozzles exist. A series of supersonic variable-area jet nozzles, 


suitable for exploitation, have been proposed. 


SECTION 1. THE EQUATION OF A FLOW THROUGH A NOZZLE 
Adiagram of a nozzle is depicted on Fig. 76. If we disregard the comparatively 
weak heat exchange with the surrounding medium, then the stagnation temperature, and 


consequently, the critical velocity will remain constant: To * 793 = const; 


a,= Vue T,,=@,=const. (5.1) 
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The absolute and. relative velucity of the gas, which moves through the nozzle, 
increases. 

The flow velocity in the narrowest “critical™ section of the nozzle Sher » as 
shown in Chapter II,. section 7, may not become higher than the local speed of sound. 
‘When miPthermg Oh the gas flow through the nozzle reaches maximum value. 


Bes 


Pe-h 


Fig. 76. . Jet nozzles.e a-- supersonic, b — subsonic, ¢ — a photograph of a 
supersonic stream, exhausting from a nozzle. 


The. relative velocity of the flow in any nozzle section is determined -by the 
local ratio of total pressire to static pressure >, (see 2.72). 
k+l n\* | ; (5.2) 


mai -(4) |. 


The absolute velocity in a given section 5, according to (2.67) and. (5.2): 


, i= 


oo | (5.3) 
ne: ; 2gkR . 3 
weeny tn j1— (2) | 
The gas flow through a given section in confortanceiwith.(2.74)2: 5: 
1 im me Sipot Sipe g(a). (5.4) 


+I)R VTu 
After writing down the flow LA aah for any two sections S; and S$; 3» we find 


a connection between the velocities and the sections: 


. Si P90) ; 
"Sy pu gd)” (545) 


During a discharge without losses, the flow's total pressure does not vary: 
Pos= Poi= Pos const. 
The section, in which the velocity reaches a sonic value: AG = 1, is called 


the "critical" /throat/ section 5), ae 
SECTION 2. SUBSONIC AND SUPERSONIC NOZZLES 


If the pressure drop across the nozzle is greater than critical: 
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& 


Pos ~ [e+e 
mola) (5.6) 
then the velocity in the narrow ‘aah. section of the nozzle reaches sonic value: Ayer = ls 


During this, the gas dynamic function is 


1 
a ; 
q( hep) = (A yo (2.75) 
We find the flow through the throat section by usine (5.h) 
4 e+ 
2 \*=1 ge poi Sup 
G= aa 
ies ¥ To (5.7) 


The stagnation pressure in the throat section decreases, but remains higher than 


that of the atmosphere: ke 


iar om 5.) 


The surplus pressure may be used for accelerating the gas to supersonic velo- 


Pucp=Pos 


city. in the expanded portion of the nozzle (Fig. 76, a), called the supersonic por- 
tion. Supersonic nozzles were suggested at the end of the last century by the 
Swedish engineer Laval and carry his name. 

The ratio of any section of a Laval nozzle to the critical section Shor May be 


found from (5-5), noting that when S; = Sher? A; = 1; 


. si 
= St Fen - 
- uf.—tsay (5.9) 
&+1 
Substituting in place of A; its value from (5.2), we find the connection be- 
tween the ratio of nozzle section 150 and the relative pressure ratio 
Poi: 
tie } 2a NW 
= (i _ tea) &) 


5 
ange ~The] ~(2) *] (5.10) 
&—! 


The exhaust area ratio of a Laval nozzle, necessary for the. total utilization of 


he overall pressure drop, is determined from the last equation by. replacing tHe ratio 
Poi PO3 ) 

—- by the ratio ° 

Pi Pn 


Pp 
With an increase of the overall pressure ratio me the relative nozzle expansion, 
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necessary for, tie total effect of the pressure ratio, increases (Fig. 77). The 


a ae Ba 6 .7 8 “es 


ae Rar 
Fig. 77. The dependence of the relative velocity A), and the Telative pressure ratio 
4 (Ar) = Po, on the degree of expansion of an ideal nozzle es =) .. 


cr 


Cc 
necessary degree of nozzle expansion € depends also on the parameter k = a Thus, 


Po ‘_ § : 
when k = 1.4 and when = =20: Es« 3 = 33 Ay, = 1.67; and with the same pressure 


ratio, but k being equal to 1.2: & = 3.6 and Ay, = 2.07. ‘When the area ratio is 
computed to be Si, = £5) 079 the pressure at the nozzle exhaust is equal to that of the 
atmosphere: Pl, * Pye 


If the overall pressure ratio is less than critical: 
ae : 


. rai - 
ste) (5.2) 
then the velocity in the narrowest nozzle section does not attain a sonic value 
AL <1. If one supplies a nozzle with an expanded portion, then not an increase but 
a decrease of the velocity will occur in it, and the reaction of the exhausting gases 
will diminish. Subsonic nozzles do not require an expanding portion (see Fig. 76, b). 


During a sub-critical discharge, the pressure at the nozzle exhaust is equal to the 
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pressure of the surrounding medium: P), = Pne 
b A flow of gas through an actual nozzle is accompanied by losses from friction 
and shocks. Because of these, the energy is dissipated. The stagnation pressure 
during an irreversible discharge is decreased, and the discharge velocity will be 


less than during a flow without losses. 


SECTION 3. ENERGY DISSIPATION AND LOSSES DURING DISCHARGE FROM A NOZZLE 

The flow of heated gases through an actual nozzle is accompanied by the partial 
dissipation of kinetic energy and heat losses through the walls. The dissipation of 
energy is accompanied by a decrease of the flow's stagnation pressure and an increase 
of the gas entropy. S._ 

We denote the sae relative stagnation pressure ratio accompanying the dis- 
-charge from the nozzle by 703 


on 
The discharge velocity from an ideal nozzle “LID is expressed by the equation 


ta = "3/1 (2). ; (5.12) 


The discharge velocity fron areal nozzle, owing to the dissipation of energy 


and thermal losses, will have a lesser value oe 


At TesTe 1-4)? y* aa 


where p,, is the stagnation pressure at the nozzle exhaust: 
_ % (5.14) 
Pos © Pos, \Je 


6, is the nozzle pressure coefficient; ” 

Ns is the enthalpy conservation factor during a flow through a nozzle. 
If the thermal losses through the walls are absent, T a | 

The dissipated kinetic energy during the absence of losses through the walls is 
equal to the difference of 


2 2 0 
Puna % 


AE, = _ (5.15) 
2g : 


The increase in entropy is equal to the dissipated energy divided by the ten- 


perature: 
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= A MEsm 
aaa 7 (5.16) 


Substituting (5.12) and (5.13) in (5.16), we obtain 


aac (3 aye (i). (5.27) 


With a decrease of the nozzle pressure coefficient o.; the increase of entropy 


of the exhausting gases becomes greater. 

The process of the dissipation of energy occurs in the subsonic and supersonic 
oortions of the nozzle. To compute the gas flow G, the nozzle pressure coefficient 
must be properly divided into a pressure coefficient for the subsonic portion Or; and 


that for the supersonic portion O"; 


& 
«__ Poup Pos 
_=—, += 5 
Pos Pousp : 
0,=0/9°, as (5 18) 


The pressure coefficient of a well designed subsonic portion of a nozzle is 
usually high: O 5 = 0.97 to 0.99. The pressure coefficient of the supersonic por- 
tion decreases with an increase in the relative discharge velocity because of the 
growth of the losses in the formation of shock waves and vortexes, and because of 
friction of tue supersonic flow along the walls. Tne pressure coefficients of super- 
sonic nozzles are determined by means of tests. 


The losses in nozzles may also be expressed with the aid of the velocity co- 


ey 
~ 7 Py 
‘= ia) : 

. ea i | (a) a x (5.19) 


The dependence between the velocity coefficient and the pressure coefficient 


efficient a 


¢ s = £( 6,) in the absence of thermal losses (Y, = 1), is depicted in Fig. 78. For 
P. 
large overall pressure ratios a i.e., for large relative discharge velccities: 


Ayrleds the 1 «ge changes in oO. are accompanied by small changes in Y, 


The’ flow through the nozzle fin conformance with (2.7h)7, depends on the pressure 
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Q5 46 47 Q6 QF = 106, 


Fig. 78. The dependence of the velocity coefficient 7s =*A.))ID on the nozzle pres- 
sure coefficient G.- - | 


coefficient of the subsonic portion 6: 


s 
FT 
G= (35 PoE gh Pow Seep 
- k+l R VTFq 


———— 


S 
The calculated degree of nozzle expansion E. v 5; r) 
cr 


in conformance with (5.7), 
depends on the total pressure coefficient 0, 


— 


2\F-! 7 ayeat , 
| yeleal ores 
4 


Se SS eS 


Sup Po 90) egy) - (5-20) 


i eet] (eu) ® 
M V wf (= 
' eT CR a a 


k—l— 
-V stl, (2+) | (5.21) 


Substituting (5.21) in (5.20), we find the connection of the degree of expan- 
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sion with the overall pressure ratio and coefficient 6, of an actual supersonic 


eee 
i“ Vel —— (5.22) 


With a decrease in the pressure recovery coefficient O.; the calculated value 


nozzle 


of the exhaust Syuss section area ratio increases, since the discharge velocity di- 
minishes. The pressure remains equal to the atmosphere, the static temperature in- 
creases insignificantly because of the decrease of velocity, and the static density 
decreases because.of the increase of temperature. 

The thrust of the exhausting gases varies with the degree of nozzle expansion 


and with the pressure coefficient. 


SECTION 4k. THE IMPULSE OF GASES EXHAUSTING FROM A NOZZLE. IMPULSE LOSS FACTOR 
The impulse of the gases, which are exhausted from a nozzle, in Snfemnnee 
with (2.76) is equai to , 
eras PS (5.23) 
After making Kiselev's transformation, we express the impulse of the gases by 
the relative discharge velocity /see (2.81)7: ; 
r= a.G, (4+5-)- (5.2h) 


Here and later the index "g" stands for the value belonging to the "hot" end of 


the engine. 


The critical velocity of the discharge gases a. is equal to 


= BebRe 7. ~ : 
The gas flow through the nozzle's sit section Sher in accordance with 


—— tt 
ir aot che PosrpSaup 
a: R Vie (5.26) 


The critical discharge velocity is directly proportional to the square root of 


(2.7) will be 


‘the abagaation temperature of gases and their flow is inversely proportional to this 
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quantity Therefore, the gas impulse does not depend on these temperatures: 
a : 
Fa) me Suar(u +z) ; se 
The impulse of the ‘discharge gases is proportional to the product of the stag- 
nation pressure in the critical section Power? the area of the critical section Sher ’ 


and the gas dynamic function 
1 
od 2 Qh +7. 


ay 
With an increase in pressure ratio across the Rondie= Be » the conputed degree 
S 
of nozzle expansion € “3, = (53) increases in accordance with equation 


(5.22); and the relative discharge velocity Ay together with the gas dynanic func- 
tion 2(A, 1) and impulse of the gases, increases. 
We find the critical impulse Por by substituting Lt 1 in (5.27): 
Fug=2(-25)" PaSup! (5.28) 
The impulse ccefficient Cy for the expanding section of a Laval nozzle is 
equal to (see 2.86) F ' 


‘ga fa td be ee) % 
; Fup 2) ~Va?--s 3 (5.29) 


ry 
eat 


‘The actual eae of the impulse during the use of an exnanded nozzle is less 
than the calculated value. The impulse losses are attributed to the fact that the 
streams of gas which discharge from a conical nozzle are not parallel tc one anothc . 
The gas streams which are adjacent to the aes are parallel to the axis; those strean: 
which are close to the walls are parallel to the walls (Fig. 79). The reaction force 
is only caused by the normal imrulse components w. 43G5 cos &;, since the tangential cort- 
ponents wjGjsin a; counterbalance one mother (see “ig. 79). The average value of the 


momentum of the discharge gases (G) 77), ) or is proportional to the average value of cos ay 


for the entire nozzle exhaust section. In the first avoroximation one may accept 


1+ cos si ; 
(G,~,) = a— (5.30) 


The impulse .vsses during the discharge from a nozzle are usually determined by 
means of experiments, by directly measuring the reaction force of the gases discharzg- 


ing from the nozzle. 
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Fig. 79. The discharge from a nozzle. 
a -- the stream lines at the exhaust of a conical Laval nozzle are not 
parallel to one another, b -- the stream lines at the exhaust cf a Frankl 
nozzle are parallel to one another. 

The reaction force of the gases acting on the nozzle during discharge into the 
atmosphere, is equal to the impulse per second of the effluxing gases minus the force 
of the atmospheric pressure on the shell sf p,,d5 = Py}, i.e., eoual to the net in- 

Ss 


pulse Prizb 3 


Fias=Fo—PSy= CM 5, (P.— Pr). ; 


The calculated value of the net impulse during the total expansion of the gases 


P 
to the back pressure Pi, * Py depends on the overall pressure drop ~ 
“(Fense) pecs = (5.31) 


ash & 
In practice, the measured reaction force of the gases is less than the calcu- 


lated net impulse: F) , .. < ii eb)pasch® 
The difference between the calculated net impulse (F,.__) and the measured 
hizg’rasch 
reaction force is called the impulse loss AF: 
BF = (F yng) mer —F uss +, (5.32) 
The ratio of the impulse loss AF to the calculated net impulse (Fy ob) 


rasch is 
called the impulse loss factor & : 
eee Pass 

(Fenss)pacs (Fanse)pecs (5.33) 


The impulse loss factor is determined by the nozzle configuration, degree of 


expansion €, quality of the machining of the internal surface, nozzle expansion angle 
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CQ, and thermal losses through the ‘alls. 

We will introduce the concept of the effective pressure coefficient 0... for 
whicn the net impulse of the nozzle, operating with complete expansion Pi, = Py» is 
equal to the measured impulse, Figzb* 


The effective pressure coefficient is uniquely connected to the impulse loss 


factor: 
(F ¢ns6) pace Ge@epar apace 
ee To | 


(28) 
oa (5.34) 
The relationship between the effective pressure factor of the nozzle and the 
impulse loss factor is depicted on Figure 80. From this graph we see that, for ex- 
ample, when ne = 0 an impulse loss of 1% corresponds approximately to a pressure 
loss of 12%. 
The internal nozzle outlines should have such a contour that the impulse loss 
factor has the least value. The impulse loss factor of finely manufactured and con- 


toured supersonic nozzles usually does not exceed 2%. 
¢> 
@ : 


iS . 


ae 
an 
ce 


Fig. 60. The dependence of 
efficient Og. 


7 ’ 1K: 
he impulse loss factor § on the nozzle pressure co- 
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SECTION 5. NOZZLE OPERATION DURING OFF-DESIGN POINT CONDITIONS 
) The relative pressure ratio-of the gases in an expanding nozzleT{ = ee and the 


rélative discharge velocity A), depend on the degree of nozzle expansion € = 5), 
Shor 


and on Poisson's index kp (see 5.10). The relative velocity denends on the tempera- 
tu-- of the gases Ty, only as much as the temoerature depends on the value of ke (see 
Figure 86, b). 

ae pressure ratio across a nozzle having a constant degree of expansion 
E. ay = const when k = const is constant: 7€ = aot = const and the relative dis- 
charge velocity is also constant: A, oy - const. 

The degree of expansion of an actual supersonic jet nozzle having fixed cross scc- 
tions is set and cannot change during variations of flight conditions or of combustion : 
Chamber operating conditions. Therefore, the relative pressure ratio across a fixed 
geometry supersonic nozzle N and the relative velocity A |, are constant (if k = const). 

The pressure ratio to free stream 7 may not be equal to the pressure ratio 
: Po3 
do the exit T= py? oinee usually Pi 

If the pressure ratio to free stream 73 is greater than the pressure ratio to 


n 
the exit 


7 t 
feSen = 1 (9); : 
then the nozzle operates with underexpansion (Figure 8la). In this case the pressure 
at the nozzle exit P), is greater than the back pressure: p> Py? and the stream 
lines at the nozzle outlet suddenly widen. 
If the pressure ratio to free stream is equal to the pressure ratio to the 
exit ; mo 
tse FB =f), 
Pe . 
then the nozzle operates at the design condition, the pressure at the exit is equal 
to the back pressure: p}, = Py and the relative discharge velocity remains constant 
Al” £(&.) = const. 
If the pressure ratio to free stream is less than the pressure ratio to the 


exit 


P_T™C_OTLA AT WA 


Pa epee 4: ae F 
Pie ars f(*) 


then the nozzle operates with overexpansion and the pressure at the exit will be less 


than the back pressure: PSP, 
) Se D 
fur» ref ( ed eee 


« 
——= ¢ (6 OD» Ge 


. Ss 
§. q + | S$ q “~~ Pd 
2 5 
$2. <n-t (+-—) AY Gasca 


oO YN 


Legend: 


A) shock waves 
B) point of stream 
disruption 


. Ss Seep cpesta cmp , . 
Fig. 81. Ncazzle operation at off-design point pressure ratio. 


Pp i BS 
a-p>t ( 4 ); p~ PO ee (Ph); c = expansion diagram 
a her P her 


Separation of the supersonic flow from the nozzle walls may occur during large 
overexpansion (see Figure 81b and c). The supersonic flow, separating from ti.e walls 
and interacting with the surrcunding gases, suddenly loses velocity. A systen of 
oblique shock waves appears in the nozzle, as a result of which the pressure grows 
and the velocity falls. The thrust of the gases during operation with overexpansion 
diminishes (Figure 82). Therefore, when designing supersonic nozzles a degree of ex- 
pansion is chosen so that through the entire range of engine operation the nozzle 
works either at rated conditions or with underexpansion. If the pressure at the 
nozzle exit is greater than the pressure of the surrounding medium: P)> Py» then the 
discharge velocity will be less than the maximum possible value: J b<Aras ch’ The 


thrust of the discharge gases Fy will be less than calculated: Py Firasch* 
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Fem(Saf Past 2S, 


_ wt 
ee SG) PaSua (Mme t 5) 
(53k) 


1 fame 


' 4705 1 2 JI Pal/Ps 


Fig. 82. The dependence of the relative variation of the gases' jet force upon the 
relative variation of the pressure ratio. 


The relative decrease of the jet forces of the discharge gases owing to underexpan- 


sion is 1 
Mt— 7° 
me = M *(5235) 
pa 1, oma 
Fe _!5_ 9 97 
If, for example, Ayrasch = 2, and A, = 1.5, then Fea o4—+ Se 
2. 


With an increase in the nozzle exhaust cross section 5), the drag due to atmos- 
pheric pressure acting on the engine shell P,{5)-S.)5 increases because of the increase 
of the difference of the cross sections 5S. Therefore, the jet thrust of the 
engine diminishes with an increase in overexpansion (see 2.76); (2.77) and (2.78). 

 R=Fe-F.—pa(Se—Si). (5.36) 

At lean fuel/air ratios, ‘the stagnation pressure atiead of a supersonic ramjet 
nozzle decreases (see Chapter IX). In the design of nozzles, the degree of expan-~ 
sion is chosen in conformance with the lowest operating pressure in the combustion 
chamber. Variable area nozzles may allow a substantial improvement of the para- 
meters of a wide operating range supersonic ramjet engine intended for flight with 


P. 
variable velocities and, consequently, with variable pressures mee 
n 
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SECTION 6. VARIABLE AREA NOZZLES 

The most simple means of regulating the cross section of convergent nozzles. 
consists of using a movable cone or "bullet". (Variable area nozzles with movable 
bullets are used in turbo-jet engines. Figure 83a). When the bullet shifts in the 
direction-of the diffuser, the nozzle cross section increases. ,®n2 cany in-principle, 
‘$e profile the outside walls of a nozzle and the outlines of the bullet as to form 
an expanding duct between tne walls and the tapering bullet. However, endeavors to 
construct supersonic nozzles with variable area bullets, which would operate without 
stream disruption or shock wave formation and would give the calculated thrusts have 
not been successful. 

To simplify.the ccntrol problems, sometimes axisymmetrical nozzles are aban- 
doned, and two-dimensional nozzles are used (Figure 83, b and c). 

A nozzle with movable sides (Figure 83b) consists of two flat sides, hinged to 
which are movable rigid contoured sides. As the contoured sides vary position, it is 
impossible to maintain parallel stream lines at the nozzle exit through the entire 


variable range. Due to this the thrust proves to be less than calculated. 


Nozzles with flexible sides (Figure 83c) consist of two flat rigid sides and 
two flexible sides made from resilient steel sheets. Under the pressure of shaped 
cams, the flexible walls bend and change the area of the critical section, and conse- 
quently, the degree of nozzle expansion. 

Nozzles with flexible sides are used in variable area supersonic wind tunnels. 
The difficulties in selecting materials, which are able to maintain their resilient 
qualities at the operating temperatures of ramjet engines, limit the usage of 


nozzles with flexible sides. 


SECTION 7. NOZZLE CONTOURING AND DESIGNING 
The internal contours of the nozzles are designed, in conformance with theore- 
tical principles supported by numerous experiments, so az to make uniform the velocity 


profile at the nozzle exit, to form the flow stream lines into parallel paths. and to 
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rig. 83. Plans of variable area nozzles. 
a ~~ nozzle with variable area bullet; b -- nozzle with movable sides; 
c -- nozzle with flexible sides. 


prevent the flow from separating from the walls. 
The subsonic portion of a nozzle is constructed according to Vitoshinskiy's 


formula l 


| (5.37) 
where dy 4s the initial cross section; 

d, is the diameter at x distance from the initial cross section; 

doy is the diameter of the critical section; 

1 is the nozzle length. 

The profiling of a nozzle according to Vitoshinskiy's formula ensures the max 
mum possible uniformity of the velocity profile at the exit of a convergent subsoni 
nozzle and the maximum possible parallelism of the streamlines. 

The supersonic portion of a nozzle is constructed according to a graphic-ana] 


ic method, worked out by the Soviet scientist F. I. Frankel. Frantei's superaonit 
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nozzles possess fire velocity profiles at the exit and have parallel supersonic flow. 
However, these nozzles are long and therefore primarily used in wind tunnels. Nozzles 
for jet engines are made much shorter and use flat surface elements to form the in- 
ternal contour. 
ity profile at the outlet appears to be uniform with stream lines parallel to the 
axis (see Fig. 79, b). In this case cy wil. 

To design a nozzle it is necessary to know the ambient pressure p,, the stagna- 
tion pressure ahead of the nozzle P03? the stagnation temperature 793: and the gas 
weight flow rate through the nozzle G. 


The throat section of the nozzle Sher is determined from the formula (5.26) 
Rett OTe | 

gk ( 2 eps | (5-38) 
where S} is the pressure coefficient of the subsonic portion of the nozzle. In 


actual nozzles, when the internal walls are finely machined, the losses in the sub- 
sonic portion are small: 0.984 o <= 0.99. 
The temperature of the dis charge gases T), is 
Te=Tu(E) © 7 (5.39) 
The relative velocity at the nozzle outlet A by? in accordance with the formula 


HV efi-cey | (5.40) 


. We express the degree of nozzle expansion & in terms of the calculated pressure 


(5.21) is equal to 


ratio IT across the nozzle ‘6 = f(1) according to formula (5.22) ¢r by the graph 
depicted in Figure 77. 

After defininr the diameters of the tiiroat and exit cross sections Sher and Si 
we design the contour of ie supersonic portion. 

The inlet diameter of the subsonic portion of the nozzle d, is equal to the dia. 
meter of the combustion chamber: dy = qd. degre 


We design the contour of the subsonic portion according to Vitoshinskiy's 
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formula (5.37). 
Example of the Calculation. Design a nozzle with the following data: 


.To3 7 2100° K; Gj, = 100 keg/ezc; Po3 ° 3 kg/cm? 


: Py, = 60 mm of mercury cole ot = 0.96; Ce = 0699 

ai. = 0.95; 6, = o 68 = 0.91 
Poisson's index and the gas constant: k = 1.25; Re = 30 kg m/kg deg. 

The factor of B in the flow formula (2.53), according to table 2.l is: B *= 
0.38. From this is derived the nozzle throat section: 


GV To 109 2100 


= —— 0,095 
~ Soo=9 agai pes” 0,38-0,05-3-108 


The diameter of the throat section dior = 736 mn. 


The pressure ratio across ins nozzle is 
| ee 272 236,8., 8. 


The temperature rause is the ae is 
aoe st bo” Ae de otk 
ro (ex) _ (0,91-36 are. ae oe 


The temperature of the ‘discharge gases i = 8720. 


The relative velocity at the exit, in accordance with (5.0) (see also Fig. 77: 


i 


os tie - awe 


1) af 22) Soe: / 


The degree of nozzle expansion, in accordance with (5. 20) is 


k+l 


scti eal = 0,625: : or tne 
ee ao <9) “091-0067 = * : 
The diameter of the — cross section is 


7 * ' “Goan = beg Vm 138 ¥ 10 = 260 mm, 
The critical velocity, in accordance with (2.5) is 
eet oeere-ee alerreere carrer vy 7a 
8 J 2etRT on  / 19.6-1:25-30-2100 
| _ V peat / oo ss alae 
The thrust of the exhaust gases (see 5.2h) is 


© Ten Sf eect 2) fare arian amon 


a ~ 


ae) 
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CHAPTER VI 
BASIC PRINCIPLES OF MOLECULAR FUSLS USED IN A RANJET ENGINE, 
AND THEIR COMBUSTION 

Ramjet engines may utilize the energy of atomic fuels or the energy of molecu- 
lar (chemical) fuels which is released during combustion with air. Only several 
forms of fuel, which possess definite combinations of physical-chemical properties, 
are used in ramjet engines. 

This chapter will show what qualities these fuels must have to be suitable for 


ramjet engines, and will cite basic data on the combustion of fuel-air mixtures. 


SECTION 1. THE PHYSICO-CHEMICAL PARAMETERS OF RAMJET ENGINE FUELS 

Ramjet engines create the thrust that is necessary to propel aircraft. Solid 
fuel and liquid fuel rockets with the same mid-section area and with the same weight 
are capable ef developing greater thrust. In the ratio of frontal and weight thrust 
Ry -§, and Ry ie ramjet engines are inferior to rocket engines. The advantage of 
a ramjet engine in comparison to a rocket is in the considerably less specific con- 
sumption of fuel, or, alternately, the significantly greater specific thrust /sic/” 
1«f, 

The specific thrust and the thrust coefficient of a ramjet engine vary with 
change in the composition of the fuel mixture. 

The maximum value of the thrust coefficient Cp or the specific thrust I depends 


on tho nature of the fuel used. 


In Chapter III the equation of the specific thrust of an ideal ramjet engine 


was found: re 2 as ee 
2 le eye), 
The general efficiency coefficient is 
gm Awe (6.2 
7 Of, 2 ) 


‘ 


*translator's Note: Should be "specific impulse". 
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Consequently, 


ay LL (6.3) 
An 
The tenperature ratio pags operation with a molecular fuel is 
Hy 
= | + -—__4+___. 6. 
P =p +iapeneta (6.4) 


At a given velocity and flight altitude the temperature ratio @ is determined 
by the excess air coefficient & The correct mixture ratio for any fuel would pro- 
duce a given temperature ratio so that the overall efficiency n would be a maximum 
(of course, if the required temperature ratio is not too great: 9 < 8 ax? a>1). 

For a given temperature ratio ©, the overall efficiency of a ramjet engine 
does not depend on the nature of the fuel. 

The specific thrust at constant efficiency is directly proportional to the 
lower heating value of the fuel. The greatest value of overall efficiency, as we 
will see further on (Chapter XZ), depends only upon the losses in the engine and 
for practica] purposes does not depend on the nature of the fuel. Therefore ramjet, 
engines are capable of producing the highesi specific thrust when operating on a fuel! 
Rhut-has the highest H,. 

The thrust coefficient of an ideal ramjet engine is 

ca=2(1—ay—) cOe0 

A ramjet engine, opevatiig« o7 a fuel capable Fy, insuring the greatest tempera- 
ture ratio of the gases 6, will posses maximum thrust coefficient. 

At a given velocity w, and flight altitude H, the temperature ratio reaches a 
maximum, if the excess air coefficient is is tes to one: A=#1, 

ie rT ae ee) 
The amount of heat, which accompanies 1 kg of combustion products formed by a 


stoichiometric composition of she mixture, is called the calorific value of the fuel 


W: Wee Me 
a (6.7) 


A ramjet engine, which uses the greatest heat-producing mixture, is capable of 


producing the highest thrust coefficient. 
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In those cases where the highest thrust coefficient Cp is required, a fuel with 
the highest calorific value Wis used. then the greatest economy is desired, i.e., 
the highest specific thrust, a fuel having a high heating value H, is used. 

Along with the heating value and calorific value the suitability of a fuel is 
determined by its density and boiling point. 

We will consider the influence of the fuel's density. We will assume that the 
weight of a winged missle, which uses various fuels, remains constant: Pool = const. 
In this case the wing area and the wing's aerodynamic crag will be constants: S_.. = 


cr 


const : 5 em Pron 


—*o1 == const, 
| bap age ot (6.8) 
where key is the aerodynamic quality of the wing. | 


Fig. 8. Plans of winged missiles. With an increase of the density of the fuel 
Te which is poured into the tanks, the calculated dimensions of winged 
long-range missiles decrease. 


(P61 = const). Legend: 
a ey = 0.07 T/m3; A) liquid 
b -- ve = 0.8 T/m3 hydrogen 


B) kerosene 
The weight of the fuel comprises a considerable portion of the tuke-~off weight: 


Py = YPoors With an increase of the fuel's density Ve the volume of the fuel 


tanks (which usually occupies the greater portion of the fuselage) and the necessary 


area of the fuselage mid-section Saf will be decreased. Together with this decrease, 
the weight of the tanks will be less (Figure 8). 


The frontal drag and the required thrust R decrease 


= Loss +0,Se. oh (6.9) 
p ‘ 
where X,,, and Xp are the aerodynamic drags of the wing and fuselage. 

The aerodynamic quality of all aircraft, with an increase of fuel density, will 
grow until the fuel tanks become so small that they may be inserted into the thick- 
ness of the wing, then the aerodynamic quality of the entire aircraft approaches the 
maxirum possible. Also the‘wcight of the tanks' casing becomes sraller, but the 
relative amount of fuel stored will be greatest. Any further increase of fuel den- 
sity (y>2) practically does not exert an influence on the possible flight range, 
since S,- is minimum, Pool = const and kek... 

In Figure 8 schematics are shown of aircraft of equal weight, one uses kero- 
sene as a fuel, the other -~. liquid hydrogen. Owing to the low density of the hy- 
drogen, the volume and frontal drag of the fuselage and the weight of the fuel 
tanks' casings prove to be so great, that the advantage presented by the high calori- 
fic value of the hydrogen is lost. Therefore, liquid hydrogen is not used as a 
fuel for missiles. 

During a long flight at supersonic speed, an aircraft heats up to a tempera- 
ture that is close to the stagnation temperature of the air, and the fuel in the 
tanks may boil. Therefore, for supersonic aircraft, intended for long flights, a 
fuel with a high boiling point is preferred. ; 

The heating value, calorific value, density, boiling and melting points of 


various chemical elements and compounds are indicated in table 6.1. 


SECTION 2. THE CALCULATION OF THE HEATING VALUE OF A FURL FROM ITS COMPOSITION 
The fractional weights of the individual elements from which the fuel is con- 
posed, is called the fuel's “elementary composition". The elementary composition 


is determined by a chemical analysis. 


Table 6.1 


THE PARAMETERS OF VARIOUS MOLECULAR FUELS? 


oo < ety ee 


keal/kg . 


wa 


| Hlements” ae 
—.,,Ldquid tiydrogen 1] 4H 70 |—268 }—270 | 24,5] 28550 807 
fF ee OY 8 | | 5a | 19961 180] 4,97] 7200 | 1290 
Beryllium 4 | Be | 1840 1280 | 7,65| 14000 | 1700 
‘Boron s | B | 1700 | 2500/2000] 9,6| 14000 | 1460 
/ ‘Carbon? 6 | c | ‘1600 | 4000] 3500] 11,5] 72850 623 
ae 
a _, Compounds | ag 
Pane 415: |-161,5) — | 17,25) 12000 ) 686 
panes oe 604 | 98,41-51,6] 15,2] 11200 | G7? 
: 6 ’ > 
‘Benzol 880 13,3] 9500 | 668 
| Gasoline 70 14,9 | 10500 663 
Kerosene 810 14,8} 10200 | 663 
|piesel fuel 850 14,8| 10200 | 663 
Oe eg ma ns aa ‘ 
, _ [Moohot, ; 790 9,0] 6400 | 642 - 
.  Pentabaron | Bt, | 630 | 60 +-46,9|13,01 16200 | 1160, 


The energy, which is released during the formation of the fuel from the elements ’ 
is called heat of formation ae The heat of formation is determined by the data ob- 
tained from calorimetric sierinentas For example, the heat of formation of one 
<Llogran-molecule (kg mol) of methane CH), due to reaction of kg of hydrogen and 12 
kg of carbon is equal to 16,000 kcal: 

C + 2H => CH), + 16,000 kcal. 

In order to break down a given combination into elements, it is necessary to 
subtract the energy which is equal to the heat of formation according to the law of 
conservation. For example, in order to decompose 1 kgmol of methane, it is necessary 
to subtract 16,000 keal. ° 

The energy, released by the combination cf 1 kg mol of a combustion substance 


with the corresponding amount of oxygen is called the heat of reaction E (Table 6.2). 


1p, Kay and T. Libby, "Spravochnik Fizika-Eksperimentator ," [Handbook of a 
Physics Experimenter), Publishing House for Foreign Lit, 1950. 
MACA Report, No 1037, 1953. 


2400 the remaining chemical elements possess less heating value than carbon. 
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The heats of reactions of combustion elements are deteririned by means of calorinetric 
tests. For example, the heat of formation of water vapor from 1 kg mol of hydrogen 
pnd 0.5 kg mol of oxygen is equal to 57,100 kcal/kg mol 

Ho + 30)—pHo0 + 57,100 kcal 

It follows from the law of the conservation of energy that the amount of heat, 
liberated during any chemical reaction, depends only upon the composition of the ag- 
gregate of the reaction products and upon the original substances and does not depend 
on the means of the reaction (G. I. Hess' law). 

The reaction products of combustion are in the form of a gas at the moment of 
their generation. If the terminal temperature of the products is not great, then 
the oxides formed may change into a liquid, and then to a solid state, releasing 
heat because of condensation and hardening. Therefore, one distinguishes between the 
heats of reaction in a gaseous state (the original and final products are gaseous); 
heats of reaction in a liquid state (the original and final substances are liquids) 
and heats of reaction in a solid state (the original and final products are solid 
substances). , ; 

The heats of reaction in a solid state have the greatest value, and in a 
gaseous state ~- the least. 

The heat of condensation of 1 kg mol of water vapor is equal to 9700 kcal, 
Therefore, the heat of the combustion of hydrogen in a liquid state (if the water 
Vapor condenses) is equal to 57,100 + 9700 = 66,800 keal. 

Dividing the heat of reaction E, expressed in kcal/kg mol, by the mass of fuel, 
entering the reaction, Pe in kg, we find the amount of heat liberated during the 
combustion of 1 kg of a given substance, i.ec., its heating value H: 


yo 


/ Hed, | (6.20) 


The heating value of a multi-component fuel, composed of several chemical ele- 
nents, may be computed, if the elemantary composition, the heat reaction of the com 
ponents, and the heat of formation of a fuel from these components are known. 


The heating value of a fuel is equal to the sum of the products of the heating 
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- HBAT_OF REACTION E AT ABSOLUTE ZERO IN KCAL/KG KOL# Table 6.2 


eS ; A 24 7 . Heat of 
Reaction Chemical Forma ‘Reaction ” 


- 


[tee formation of carbon monoxide | C+ -Oy-C0 27 400 
! ° 
cea a cope ie cna a bees OCS 1 
The combustion of carbon monoxide CO+-> 02-+COs 66760 
The formation of methane C+2Hy+CH, 16.000 , 
The combustion of hydrogen - thht5-Or-H0 87 100 
The combination of hydrogen tht 0H+H,0 63000 
. With hydroxyl. . ; 
Tho’ combustion ‘of hydrogen ZMat-p ClreHCl 22.600 
with chlorine peer at ver 
‘The decomposition of ozone te 1,502 
The oxidation of lithium ILi+—) Ox Liz0 ve 
327 000 
" " ® aluminum 2Al+1,50,-+ Al,03 ‘ 
2 2P-+2,50y-- POs 363 000 
hes x - phosphorus 2B+1,50,-+ BOs 302 000 
| : Boe Mg+ --0,+MgO 144000 
.. a : * magnesium ; et > 
' ; f 
\ . An a t beryllium |. Be+-0 BeO ; 133000 


Vee ge A i ee ee 
‘Note: Metallic oxides, at the temperatures in the combustion chambers of ram- 
jet engines (near 2000°C), are transformed into a liquid or solid state, releasing 
~heat of vaporization. Lithiun oxide is an exception, boiling at 1230°C. Therefore, 
the heat of reaction of metals, with’ the exception of Li, ‘includes the heat of vapor- 
ization. ‘ : 


values of its components mltiplied by their fractional Weights, less the heat of fuel 


ee ar 


formation from these components: 
aD Yet oo (6.11) 

where g; is the fractional weight of a given element in the fuel; 

Fy is the heat “of eketitn’ of @ given: elemént; 

ai ‘is the mass of a given element in 1 kg mol of the combustion products; 

Egy and Me are the heat of formation and the molecular weight of the fuel. 

The élementary composition: of an individual fuel may be foynd by its chemical 
formula. Let the composition of a fuel be expressed by the formula C,H,0,. The molec~ 


ular weights of the components are designated respectively by Pr > yp at The 


"A Chemist's Handbook, vol I, Khimizdat, M.+L., 1952. 


B. Lewis and G. von Elbe, Goreniye, plamya i var v_ gazakh /Combustion, Flame, 
and Explosions in Gases 7, Pub. use Yor Fo retin saa 8. 


molecular weight of the fuel is equal to the sum 


we BRM tat Boe (6.12) 
@ The fractional weights of the components are es 
y ic)=-p. = te = 19-", 
“oa ieee = ; 
=p 
7 (H}=2n tigers 
fe Na kyo ae k Ae 
i ' [0] =go=- = 16-—- . (6.13) 
Poort ; F 
The heating value of the fuel is 
Fp Ee gy 4 Fit — E 
- Bote aa ee (6.1h) 


The more atoms a hydrocarbon molecule is composed of, usually the less will be 
its density and the less will be the heat of formation. Methane possesses the high~ 
est heat of formation among the hydrocarbons of the paraffin series. The heat of 
formation of unsaturated hydrocarbons is usually less than that of saturated hydro- 
carbons. The heat of formation of acetylene CoH2 is negative. 

The heat of formation of multi-component fuels-is usually not known, and since 
itds:cotvbsc.. for large olecules;it is often disregarded. The computed heating 
values are confirmed more exactly by calorimetric experiments. 

i A distinctién Is made between the gross and ne} heating values of af fuel. During 
‘the determination of the gross heating value H, the temperature is lowered so mch ag 
to cause the combustion products (usually only steam) to condense. The determination 
of the net heating value H, is carried out at such temperature that all the combus- 
tion products remain gaseous. For example, for hydrogen nv 2 kg. 

Hy « 21,100 : 28 550 keal/ke; H = £6,800 = 33,400 kcal/kg. ; 

The combustion products of the majority of fuels used in ramjet engines remain 
gaseous. Therefore, usually the net heating value H,, has the greatest significance 
for operation in a ramjet engine. | 


Example. Find :he heating value of methane CH). 


The molecular weight of methane is 
6 tr He + Any, mw 12-4 4 we 16, 
The elementary composition of methane is 


a tc 12 Aty 4 
& = F035; éu™ = i6 0,25. 


D The heat of formation of methane is 
E = 16,000 kcal /«g mol 
The heating value of methane is determined by the formula 


a > Wg = {Ec 1En E 
Cc 


= 98 550-0.95 +. 7850. 0,75 — 50 12000 keal/kgs : 


SECTION 3. CALCULATION OF THE AMOUNT OF AIR THEORETICALLY REQUIRED, THE COMPOSITION 
AND THERMODYNAMIC PARAMETERS OF THE COMBUSTION PRODUCTS 


From the elementary composition, it is possible to find the amount of air 
theoretically necessary for the combustion of one kilogram of fuel and the composi- 
tion and thermodynamic parameters of the combustion products. 

According to the equilibrium equation, the amount of oxygen, necessary for the 
combustion of 1 kg of fuel is equal to 

1 me BEC) + 52 TH 10= 5 (C1 +81H1— (0) (6.25) 

Air is composed of 23.2% of oxygen by weight. The amount of air, necessary 

for the combustion of 1 kg of fuel is = 
: i sary =115(C] +945 [H]— 4.31 {O}]. av | _ (6.16) 


The saat of air, theoretically required for the combustion of Gg kg of fuel 
is equal to log. The ratio of the amount of air, which enters the combustion cham- 


ber Gy, to the amount of air, which is required for the combustion of the fuel is 


called the excess air coefficient a: : 

: : a a 10," 7 (6.17) 

If the ae Ssucouttion of the fuel. is known, it is possible to determine 
the composition of the combustion products for any excess air coefficient. The hot 
combustion products include C05, H20, No, 99, and even products of incomplete oxida- 
tion: CO, NO, CH)Ho, the products of dissociation: OH, 0, H, N and others. 


The total mass of the combustion products of 1 kg of fuel in the air is 


~ 


aed Mea 1+aL. 


We will determine the composition of the combustion products when X> 1. 


The mass of carbon dioxide gas in 1 kg of fuel is 
mea Be 


The mass of the water vapor, formed during the combustion of 1 kg of fuel is 


4 


mip=~> = Be 


The mass of the unreacted oxygen re ne combustion products is 


e 


fe) my=0,2320L— 2 g,— 2° Ey 


The mass of nitrogen, including argon and other noble gases, in the combustion 


products is : , 
Tin =0,7682L. 


The fraction of the individual components by weight in the undissociated com 
bustion products e° is found by dividing the mass of each component Th; by the total 


mass of the products 1 + &L (Table 6.3); 


(6.18) 
The determination of the composition of dissociated combustion products is dis- 


cussed in Section 5 of this chapter. 


Table 6.3 
THE COMPOSITION OF THE UNDISSOCIATED COMBUSTION PRODUCTS OF KEROSENE 
ie idea SaeL ia: 
‘¢ &% 1,0 1,25 1,5 2,0 © ‘ 
3 £02 0,1965 | 0,1592 | 0,1338 | 0,1014 | 0,0000 
=| a tho 0,0838 | 0,0679 | 0,0571 | 0,0433 | 0,0000 
E e, 0,0000 | 0,040 | 0,070 | 0,1122 | 0,2320 
oO” ey" 0,7197 | 0,7289 | 0,7351 | 0,7431 | 0,7680 
! ° 


ye 1,c000 | 1,00c0 | 1,0000 | 1,0000 | 1,0000 
g. to, 0,1280 | 0,1040 | 0,0874 | 0,0663 | 0,0000 
34 rio 0,1340 | 0,1084 | 0,0911 | 0,0691 | 0,000 
3 A, 0,000 | 0,0395 | 0,6555 | 0,1009 | 0,2090 
‘SP Ae 0,7330 | 0,7481 | 0,7550 | 0,7636 | 0,7910 
yi 1,0000 | 1,0000 | 1,0000 | 1,0000 | 1,0G000 


a nieve egr| 29,83 29,51 29,49 29,48 29,27 
28,72 28,75 28,77 | 28,78 | 29.93 Me 


"Inert gases are included with the nitrogen. 
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Knowing the fraction of all the components by weight Gj» it is possible to find 
the enthalpy, internal energy, entropy, gas constant, and the specific heat of the 
combustion products in accordance with the laws of the conservation of energy and 
matter. 

The internal energy is 


i 
a= >) ag, KKaAlKe. 
i 


(6.19) 
The gas constant is 
Re Re 3) & Henyjice, epad. (6.20) 
The enthalpy is 
i ! 
i= Dig, =Y (ujt+R7) g, xxar]nez. (6.21) 
1 1 
The entropy is 
s=)) 5,2, xxan/xz. 2pad. (6.22) 
The average molecular weight of the combustion products is 
848 
y= (6.23) 


The internal energy, enthalpy and entropy of each component depends on the 
temperature. The internal energy is determined by experimental means. The results 
of several determinations are indicated in Table 6). 

Table 6.) 


THE INTERNAL ENERGIES OF GASES IN kcal/mol* 


aan Pe (onl i fannf en) am) ee | 
Gas Siebel] wsoo | zoo | aeo0 | 00 


| 0, 3088 | 5511 | 8128 | 10852 | 13667 | 16570 | 19544 
i H, : 2936 | 4978 | 7151 | 9478 | 11954 | 14545 | 17231 
' N, 26 | 3006 | 5216 | 7646 | 10207] 12857 | 15500 | 18287 
NO 3) =| 3196 | 5534 | 8074. | 10724] 13439 | 16197 | 18985 
co 28 = | S017 | 5247 | 441 | 10334] 13011 | 15795 | 18476 

OH 17 | 3048 | 5118 | 7340] 9740] 12255 | 14890 | 17607 

"7° HO 18 = | 3687 | 6577 | 9920 | 13655 | 17790 | 21945 | 26330 
CO, 44 = | 4135 | 6247 [12844 | 17698 | 22703 | 27819 39012. 


coe a 
B. Lewis and G. von see? Goreniye, plamya i vzryvy v gazakh Combustion, 
Fiase., and Explos’ons in Gases/ » Pub. House for Foreign Lit., 19]8. 
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The enthalpy and entropy are found by calculation. The results of several 


calculations are shown in Tables 6.5 and 6.6. 


Table 6.5 
GAS ENTHALPIES IN kcal/kg” 
t ao me od ol Maeda Rl Mccall Bic sao | 8 | 1000 | 00 | 0 | 200 | gaan | 20, 
0; te 234,2| 310,8| 450,8] $636 679,2] 797,0 
H; 32040 | 33520 | 3508 | 36720 | 33410 | 40150 | 
N, “ 0 sat 2| 372,4| 492,2| 615.2] 740.0]  866,0 
NO 1075 1190 | 1307 1495 | 1845 
co hs omco | 2e20 | 3005 | 3130 | 3257 
OH oe 2621 2039 | 2094 295 | 3412 
“HO 703 957 1226 1505 1724 
CO, a, 1 ne 6| 355,1]| 483,5} 615,3| 750,0) 886 
a Oo 3978 | 4102 | 4226 | 4350 | 4474 | 4598 — 
H 84760 | 86750 | 88730 | 90720 | 92700 | 94690 
' N 6303 | 6540 | 6682 | 6924 | 6966 | 7108 | 
3 Table 6.6 


GAS ENTROPIES IN Kat WHEN p = 1 kg/cm2. 


The fraction by volume of each component ry may be found by the well-known ratio 


| na , (6.2h) 
After calculating the composition of the combustion products, the internal 
energy and enthalpy at given temperatures are calculated and plotted on a graph 
(Figure 85). 
After dividing the increase in internal sees or enthalpy by the corresponding 


temperature interval, we find the average specific heat for a given temperature 


Ya, R. Zel'dovich and A. I. Polyarnyy, Raschyoty teplovykh protsessov pri 
vysckikh te~»eraturakh fCalculaticns o1 Thermal Processes at High Temperatures/, 
BNT Printing House, 197. 
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‘ige 85. The temperature dependence of the internal energy and enthalpy of the com- 
bustion products of kerosene (neglecting dissociation). 


a) u, t kcal/kg; b) air, 


MEDBIV Ena Re el ee trai + nea er neee etn meer sree emecvesep wate te 
. . e » - . - - «- - . 


f 


ety - (6.25) 
at (6.26) 

and the average value of Poisson's index | 
ta. | (6.27) 


As AT tends to zero, cy, c, and R approach their ‘truesvaluese — 
The average specific heats of hydrocarbon combustion products y such as those 
from kerosene, are depicted in the graphs in Figures 86, a and b, and are calculated 


by neglecting dissociation, i.e., when p > ©. 
Example: Find the composition of the combustion products of octane Cali, 


when the excess air coefficient “= 2. 
The molecular weight of Coll), is: Po =8*12+ 18 = 11k. 


The fractions by weight are 
aaa: 8-12 18 
IC] = 4 7 O88: (H] = 1g 7 O87 


The amount of air that is theoretically required is 


. 


L = 11,5-0,843-4.34,5-0,157 = 15,1, 


ane 
WAT ft 


a 
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Fig. 86. Temperature dependency of the average specific heat and Poisson Index 
neglecting dissociation. 
a) cy = f(T); b) Cy = f(T) and k = f(T). 
A) adr. 


The quantity of air when “= 2 is 
wee eL = 30,2. 


ns 


The weight of the carbon dioxide gas in the combustion products of 1 kg of 


octane is / =< 


- foo, 44 
— [C] = — = 
He (C} > 0,843 = 3,09. 


The fraction of CO, by weight is 
3,09 3,09 = 0,099. 


&60,- 140i = 31,2 


The weight of the water vapor in the combustion products of 1 kg of octane is 


He ty = 8 0157 = 1,41. 
tH, 2. 


The fraction of the Ho0 by weight is 


ag a 
toi 0n 7 31,2 — 2oH8. 


The weight of the nitrogen in the air is 
"90,2-0,768 = 23. 
The fraction of nitrogen by weight is 
aa £h, = = 0,7435. 


The fraction of the oxygen in the air by weight is 


30,2-0,232 = 7,00. 


Half of this oxygen is spent in the formation of CO, and H.0. 


The fraction of the free oxygen by weight is 


: 7,00 
= 5.312 ON ; 


We will verify this: 
teat no ty, + £0, = 01082 + OS + O75 +0110 = 100 
‘, i Oe 
The gas constant R and the average molecular weight p of ‘the combustion pro- 


‘ 


ducts are 
pense £02 4 £02, Lie ear ie 
a ¥co, Fx.o YN, Fo, 


0992 5 Oe 0.7435, 0,11 
-us oat : oy) = 295.ke mn/kg deg; 
848 848 
P= R= O95 BNE . 


—— ee ew 


After miltiplying the fractional values of the combustion products by the in- 
ternal energies, the enthalpies, and the entropies of th2 components and after adding 
the products so obtained, we find the Uy i and s of the combustion products at a given 
temperature. After this, the specific heats Cy and cy and Poisson's index k may be 
calculated. 

SECTION h. THE CONCEPT OF CHEMICAL EQUILIBRIUM. 
THE DISSOCIATION OF COMBUSTION PRODUCTS, 

The substances forming the composition of a fuel mixture are capable of forming 
a chemical compond with one another: under certain conditions, the oxygen of the 
air unites with the hydrogen, carbon, and other fuel components. 

Under normal conditions the oxidation of hydrocarbons does not occur. 

In order for the reaction to begin, the fuel mixture must be heated to a certain 
temperature, called the ignition temperature Ty.,. If the heat of a reaction which 
1s developed in an enclosed volume is greater than the heat lost by means of heat con- 
ductivity and radiation, then the mixture heats up. The speed of the reaction in- 
creases because of the increased velocity of the molecules and increased number of 
molecular collisions. The quiet reaction may be transformed into an explosive one. 

The cooled combustion products consist of carbon dioxide C09, water vapor H»0, 


carbon monoxide CO, and nitrogen No. Besides this, the nitrogen of the air, which 


for all practical purposes, does not take part in the reaction, remains in the come 
bustion products. Also remaining are those substances, which at the start of the 
reaction, were excess -= oxygen or unburned fuel components, 

Spectrographic tests shor that the hot combustion products contain, besides the 
enunerated final products, the original substances and a series of intermediate pro- 
ducts of the reaction. Thus for example, the hot combustion products of hydrogen 
and oxygen contain not only the final product -- water vapor, but also the original 
substances Oo and Ho, and even intermediate compounds and free atoms OH, H, and 0. 
With an increase of the mixture's initial temperature Tp,, the tenperaturc of the 
combustion products increases and the percentage of the final products decreases. 


We will consider the reaction of hydrogen with oxygen: 


1 —_> 
Hast Crectnd: (6.28) 


The arrows, pointing in both directions, show that under the proper conditions 
the reaction may go either in one or the other direction. The hot products of the 
combustion of hydrogen in oxygen contain 

Hoy Oo, Ho0, OH, H; and 0 

We indicate the partial pressures of the components, determined by the number 
of molecules of a given component in a unit of volume and temperature of a mixture, 
PY Pyos Pog? Puoo» Pons Py and Pos 

On the basis of the law of mass action, the principle of which is presented 


in courses in thermodynamics, one may describe the equation of chemical equilibrium: 


i 
bup=P6P 


Pio | (6.29) 
The constant Kiio0 is called the constant of chenical equilibrium for the reac- 
tion of the formation of water from hydrogen ana oxygen. The degree to which each 
partial pressure enters the equation of chemical equilitrium, is ecual to the number 


of molecules entering the reaction equation (6.28). 


The equilibrium constants which are determined by experimental methods, are 


functions only of tenperature and depend neither upon the pressure to which the re- 
tagting mixturanitrexposed: norvon ‘thé presence .of: different. impurities (Table 6.7). 
Table 6.7 


EQUILIBRIUM CONSTANTS 
(pressure is expressed in kg/cm¢)* 
> -Reaetion Lonst. T=1800° K 


T=2200° K | T=2600° K | 7=2000" x 


or ; - . 
* GOse2COt > Os - hy | 2,04.10-4] 6,41-10-3 | 0,0622 0,339 4 
H,0SH,+ — Os ky | 5,37-10-5| 1,23-10-3 | 0,010 0,049 

. 1 
H,00H+ > He ky | 2,512-10-5 | 8,32-10-4| 9,55-10-3] 0,0566 
| Hj2H-+H hy | 1,574-10-7 | 3,767-10-8 | 1,702-10-3 | 0,0283 
| NNN hg | 1,00-10-% | 5,01-10-"| 2,5-10-8 | 2,24-10-6 
Ot 1 
, 8 gNetyOszeNo | ag [0,001 0.0332 | 0,0708 «= |_ (0,124 
3. OF20+0° hy | 1,69-10-8 | 8,11-10-6 | 5,92-10-4 | 0,01388 


To determine the composition of the dissociated combustion products it is neces- 
sary to solve simultaneously the equations of material balance of the (6.28) type, and 
of chemical equilibrium of the (6,29) type for all substances that may be formed dur- 
ing combustion (see Section 5 of this chapter). 

The greater the temperature of the gas, the greater the portion of molecules 
whose kinetic energy is sufficient for ionization by impact. With an increase of the 
combustion products' temperature, the fraction of the molecules, which are split up 
into elements, increases. 

The kinetic energy of the molecules colliding together is transformed into the 
potential energy of the dissociated products. Therefore, at a given enthalpy the 
kinetic energy of the particles of a dissociated gas is less, and the potential 
energy greater than that of a non-dissociated gas, The temperature of the gas is 
proportional to the average kinetic energy of the particles, consequently, at a given 
enthaipy the temperature of a dissociated gas is less than that of a non-dissociated 


gas. At a temperature which is less than 1700°C, the amount of dissaciated combustion 


*B. Lewis and G. von Elbe, Goreniye, planmya i vzr vy gazakh Combustion, Flame, 
and Explosions in Gases/, Pub. House for Foreign Lit., 1946. 
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products, Ho0, CO and others, is small to the point of vanishing. At temperatures 
higher than },000°S the combustion products are practically totally dissociated. Ifa 
fuel is introduced into air, the temperature of rhich is greater than 000°C, conbus- 
tion does not sce Ca the other hand, the molecules of the fuel substance as well 
as the mlecules of the air are broken domm into atons. Separation does not occur 
but energy is absorbed. 

If the relative velocity is not too great during the collision of the dissoci- 
ated products with one another, "moleculization" may occur: the varticles reunite 
into whole molecules. The number of recombined molecules is increased by more fre- 
quent collisions which result in "moleculization", The number of the recombined 
molecules is the greater, the more mlecules there are on the surface of the volune 
under consideration, and the more molecules there are or the periphery of the ambient 
medium. Thus, the degree of dissociation (i.e., the ratio of the number of disinve- 
grated mlecules to the number of those not disintegrated) at a given termerature is 
approximately inversely proportional to the square of the gas' density. During an 
increase of pressure the degree of dissociation decreases. As the pressure increases 
to infinity, the degree of dissociation approaches zero. 

In calevlations respecting the operation process in the combustion chambers 
of ramjets, it is necessary to consider dissociation if the temperature of the prod- 
ucts exceeds 2000°K, Dissociation involves a decrease in temperature. The higher 
the pressure in the chamber, the lesser the degree of the products! dissociation. 
With an increase of flight altitude, the-pressure in the chamber falls, the degrce 
of dissociation increases and the decrease in temperature becomes mre significant. 

The determination of the composition of dissociated combustion products is 
produced byy means of a combined solution of the equations of equilibrium and materia? 
balance and is accompanied by painstaking computations. These computations deternine 


the volume and weight fraction of the components C0., CO, CH), H,0, OH, Ho, Hy NO, No, 


Oo, 0, and N. In the air there are traces of inert gases and possible traces of other 


elements which are not usually considered in relation to a fuel. 


SECTION 5. THE CALCULATION OF THE COMPOSITION OF DISSOCIATED COMBUSTION PRODUCTS 
During dissociation the number of particles and the volume of the combustion 
products increases, and their apparent molecular weight # decreases. 
The ratio of the molecular weight of a non-dissociated gas pe to the molecular 
weight of a dissociated one p- is called the molecular change coefficient a: 
aaa 1. (6.30) 


Carbon dioxide dissociates into carbon monoxide and oxygen 


CO,22C0+0,. 


The partial pressures of the original and produced products p; are related to 


each other by the equation of chemical equilibrium 
tJ 


The partial pressure of a given component Ps is equal to the product of the 


total pressure p and the volume fraction r 


aaa (6.31) 


Consequently, ‘ = 


OY Pro, _ roc V Plo, 
2 P'co, Too, ‘ (6.32) 


where k) is the equilibrium constant for the dissociation of carbon dioxide and is 
dependent only on the temperature of the gases. 

During dissociation the mass of the substance must remain constant, but the 
volume of the mixture increases. 

If one attributes the volumetric portions of the substances formed to a new 
volume of the mixture, then the ecuation of material balance of carbon rresents this 


form ; 1 
“eg 10, = "0, + Feo- (6.33) 


Water vapor dissociates into hydroxyl, molecular hydrogen and atori. hydrogen. 
Therefore, for water just as for carbon dioxide, the following equations may be 


written: 


HOZH,+4-0., 
tu V Pro, (6.3) 


TH,0 


H,O 20H ++ H,, 


k= Tou V Pru, (6.35) 


k=. (6.36) 


The material balance equation of hydrogen for all of these reactions is 


Tom THo+ MH, + Tron tr (6.37) 
Nitrogen dissociates into atomic components and oxidizes, forming nitrous oxide 
Ns 2N+N, 
Nit Or:2NO. 
The equations of equilibrium and material balance have this form for all these 
reactions 
Ph * 
y, ; (6.38) 
--* t wT; 
k= ., ' 6. 
‘ V'n,"o, (6.39) 
lo — ee 
Pr N= ON + (n+ no) (6.40) 
Molecular oxygen dissociates into its atomic components: 
0,<0+0, 
=", (6.42) 
To, 


The equaticn of material balance of oxygen is 


a (B41, +7 Mo) = ta +100, + 
++ (oot Font Fon + m0+ Fo). (6.42) 


The molecular change coefficient 'a' must have such a value which satisfies the 


condition 


=]. . 
oN (6.43) 


a 


In this way, in order to determine tie volunetric cen, . 9Sitio.. of tie cisscciated 
mixture of i-coxonents and the moleculer change coefficient a, a tetal of 141 
equations was srodieced. In principle, these ewations pernit meito-datermiae 0) the 
comonent fractions of the nixture and the coefficient a. However, the simltar.eous 
solution of this systen of equations results in an emation higher than the third 
power, the solution of which is found by graphic means. The following method brings 
us quicker to our goal. 

Let us consider a given excess of air, G, and a given elementary cozrosition ofa 
thet mixture of C ang Ne Worwill find, as was shom in Secticn 3, the volunetric conpo- 
sition of a non-dissociated mixture C09? TH50 ’ TN and TOo° We will set up. the 
temperature T, the pressure p, and the molecular change coefficient a (in the first 
approximation we will take care of the last value by guess work). We will set up a 


series of values of a volumetric concentration of oxygen x05" We Will find the para- 


fo 3 £= pro, - (6.hh) 


The volume fractions of carbon dioxide and carbon monoxide, which correspond 


meter x: 


to the tabulated fractions of ea are found from the equstione (6. 32) and (6.33): 


a “T+8) hy (6.45) 


ae & : 
ae - feo Feo, . (6.46) 


Ve will conpute the e auxiliary avanevane 


PT gy - bat, . . (6647) 


: ‘ ‘ ae ae gels: ve ee = 
i 1 / me . 
i : | : do i)/* b. ; (6.449) 


The voluie fractions of water, hydroxyl, molecular and atomic hydrogen, which 
correspond to the tabulated fractions of oxygen, are found from the equations (6.3); 


(6.35)5 (6.36)3 (6637)3 (6.7); (6648) and ~ 


ast +d ra ae 
ae V (4) TEs gene ae (6.50) 
\ ‘ 
eens 5 n= Orn (6.52) 
P-TS-971,0/V 17h 


Bar ors , 
: r= ra (6.53) 


For any oxygen fraction TQ,9 the values determined for "600 and Too» and also 


“H,0? TH? Toy and ry must comply with the corresponding material balance equations 
(6.33) and (6.37). 


The volume fractions of molecular nitrogen, atomic nitrogen and nitrous oxide 


are found from the equations (6.38); r 39) and e Ho) 


. tii y 7%), . (6.54) 
_ kh 

| ref ter | (6.55) 

7 Tno=h, y To,'N,. (6.56) 


The volume fractions of atomic oxygen are found from the equation (6.1): 


o> Y) *tr0, (6.57) 


After this, we select those values of the volumetric concentrations of 


rs which comply with the material balarce equation of oxygen (6.42). This is done by 
a graphic method. We put the assumed values of the volume concentration of oxyzen 
Fo along the abscissa axis (Figure 87) and along the ordinate axis We plot 
the calculated volumetric fractions of the components and the summary amount of oxy- 
gen ©, which was determined from the material balance equation for oxygen: 
; “=Teo, +t Fo, + + (11,04 Fon 4+-Tot Toot ro). (6.58) 
Valid are those volumetric concentrations at which the material balance equation 


of oxygen is ic ca ens i.e. when 


we < 1 ‘ ) : 
: = a t= (Ro Pete the (6.59) 
Dropping a perpendicular from the ages point of the curve w = {(rp 9) 
. A ° re) 0 4 i 
with a horizontal line (r CO. + c0g. 2 TH) a = » we find the volumetric a 


tions of the components of a dissociated mixture Tye 
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Teo we an ‘ 
fo: 9» J000 w - 
Tub Pe Otacicn? 


Pa. _ ae ,20 7 a 


ao2 : Qos” 035 


ie ; NY . a - eae 
Fig. 87. Diagram of calculation of tne degree of dissociation. 
If the molecular change coefficient a at the beginning of the calculation was 
assumed correctly, the sum of the volumetric fractions of all the components would be 
Fo 
equal to one: when a” aj44 "is EN = 1, Otherwise, 


ae Yn=' a P (6.60) 


dea 00. ; (6.61.) ’ 
If a'>1,03, one must repeat the calculation, using the ‘corrected vahie:of the. 


Then sae, 


‘mglediler change Coefficient a, as the initial Value. An error in the value of a, which 
does not exceed 3%, does not have a noticeable influence on the composition and thermo- 
dynamic parameters of the conbustion products. 

The true values of the volumetric concentrations of the components are less 


than those fund on the graph in Figure 87 by a' times 


(Mame (662) 
»} (T))scr=1. i (6 .63) 


« 
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Fig. 68. Temperature dependence of the composi.tion of the dissociated con- 
bustion products of kerosene. 
The apparent molecular weight of the dissociated mixture # is 
- p= Deer 
where ; is the molecular weight of a given component. 


(6.6h) 


The gravimetric fractions of the components are found by the equation 
get (6.65; 

tith an increase of beniseratine’ the volumetric and gravimetric fraction’ of the 
dissociation products grow, while the volumetric and gravimetric factions of the ori- 
ginal products decrease (Figure 88). 

With an .ncrease of pressure, the volumetric and gravimetric fractions of the 
dissociation products diminish (Figure 89). 

The knowledge of the weight composition of a dissociated mixture is used to 
calculete the internal energy, enthalpy, gas constant, and entropy of combustion 


products at various temperatures and pressures and is also used to construct therral 


fMollier7 charts. 


SECTION 6. THERMAL ZXOLLIER/ CHARTS OF COMBUSTION PRODUCTS 
It is possible to compute the internal energy u, the enthalpy i, and the en- 
tropy of 1 kg of combustion products u, i, R and s by t*e gravimetric composition of 


a dissociated mixture (see equations 6.19 - 6.22). 


4 
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Fig. 89.. The dependence on pressure of the composition of the dissociated corbustion 
‘products of kerosene. 


The internal energy u;, the enthalpy i; and the entropy s; of a given component 
depend ‘only on its tenperacans (see Tables 6.4, 6.5 and 6.6). The percentage of a : 
given component depends on the composition of the mixture, i.€+, on the excess air 
‘coefficient &, on the temperature T, arid on the pressure p. In this way, special 
carves will correspond to each & andj to each pressure p: u= f(T) (Figure 90, a, b, 
ce, d), R = f(T) (Figure 91, a, b, c, d), i = f(T) (Figure 92, a, by c, d) and s = f(T! 
The entropy diagrams, i = f(s) (Figure 93, a, b, c, d) are constructed from the known 
i-T and s-T diagrams. The thermal /Mollier/ charts cited in the book for the hydro- 
carbon combustion products were computed and drawn by S. M. Il'yashenko, Ye. M. 
Germeier and V. N. Sokolovoy according to thermo-chenical data of 197. 

The computation of the stagnation tenperatures and the temperatures of the com- 
bustion products is based upon the thermal /Nollier/ charts. 

The computation of the stagnation temperature at very high velocities is based 
upon the i-T chart, which is plotted for unvitiated air (see Figure 92). The stagna- 


tion air enthalpy i, is equal to 
2 .,, ad ( 7 os 

= ——=f ome eee ee 3 ‘ 
he bee i+ 2g a 1 2 M ry A 


‘ 


where 
i==e,7,. 


Tentatively, we will: Sind the: Pe ePAte On. pressuré-p 2? ‘knowing the velocity, of 


! Po 
the free streat flow and the stagnation process. Ke Yor ate the: dz vemained 
stogiation ‘enthalphy ae on. the vertical axis and draw. -aoperpendicilar tothe point 
where it intersects ith the ‘curve i-=f(T), which corresponds to the stagnation pres | 
‘sure po2 previously found. Dropping a sevoanatoular to the horizontal axis,. ve fia " 
‘the stagnation terperature accointing for the: dissociation of the air. 

The lowering of the stagnation temperature, caused by the change in specific 
heat and by the dissociation of the air, becomes perceptible only when > 5. 

The corputation of the. combustion products’ tezneratures is derived from the 
i-T chart, which corresponds. to a given excess air coefficient a (Figure $2, a, b, Cy 
a). | 

We firid the stagnation enthalpy of the combustion products icg by: 


Bb. ahs + 4 ate + 


where Ys is the total combustion efficiency. 

We locate the enthalpy that. was found on the vertical axis of the i-1 
diagram, draw a horizontal line to the point where it intersects with the curve i = 
f(T), corresponding to the pressure in the combustion chamber poo. ‘Then, by dropping 
a perpendicular to the horizontal axis, we will find the temperature of the corbus- 
tion products accounting for disscciation. 

The closer the composition of the mixture is to stoichiometry (e{= 1) and the 
lower is the absolute pressure in the chamber, the more significant will be the low- 
ering ofthe temperature, caused by the dissociation. 

This, for example, when @’= 1, M, * 4, Ty = 216.5°X, H, = 10,500 kcal/kg, the 
pressure in the chamber > = 1 kg/cm’; in = 52, keal/kes ion = 218 kcal/kg, and Ysg = 1 
the temperature of the combustion products accounting for the aescen ation is equal 
to 2500°K, but without accounting for dissociation (p = oo) it is equal to 28100K, Under 


these conditions, dissociation lowers the temperature by 310°, 
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Fig. 90. 
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ermination of the adiabatic heat content drop h = i, - 4, at a given 


“a o~ of r 1205 L) o- K= 1. 


The det 


drop Ap " P) - Po is derived from the 1 - s diagrar, (see Figure 93 athe! five 


o} 


pressure 


Ve locate the enthal 


of the gases on the 


py 


inserts at the end of the book). 


a horizontal line to the point where it intersects the curve 


vertical axis and draw 


i = f(s), corresponding to the initial pressure P+ The decrease of gas enthalpy 


during an expansion without losses (s = const). from the pressure p, to the pressure 


= f(s) corre. 


vi 


Po is measured by the length of. the vertical line AB, below the curve 


sponding to the pressure p» (Figure 9h); 


hs iy Ps lo 
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Fig. 91. The temperature dependence of the gas constants of the dissociated combus- 

tion products of kerosene. 

“avon = 1.0; ba) = as 1.5; c = a = 2.03 d «- a > 

An adiabatic drop during expansion with losses h' will be less by the value of 

BC = Loot = h(1-%), where q is the efficiency of the expansicn process. The gas 
entropy during an expansion with losses increases (see page 139). An excansion with 
losses is shown on the diagram by the inclined straight line AD. The greater the 
losses, the more the straight line AD deviates fror the vertical. In the extrem 


case, during a flow with a constant velocity through porous bodies, the loss in 


the heat capacity is equal to zerc, h= 0; the straight line AD becomes horizontal. 
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dissociation. 
a ow = 1.0: 


bene K= 1.253 cee A = 2.03 d -- A= OD. 


to consider that the combustion 


from a nozzle is deter- 


At high temperatures, when it is necessary 


thermal droo during discharge 


products are dissociated, the 


mined by the i - s diagram. 


ES 


THE COMBUSTION OF FUEL - AIR NIXTUR 


The phenomena, 


SECTION 7. 


The diffusion of the active nuclei from 


which occur during the combustion of a fuel-air mixture, may be 


divided into physical 


and chemical effects. 


Fig. 9h. The determination of the heat content drop by the i - s diagram during an 
expansion with losses. 


the combustion zone to the unburned gas; the thermal drop from the combustion area to 
the colder gas; the turbulent mixing of the burning gases with a fresh mixture; the 
radiant energy of the flames; and others belong to the physical phenomena. The disint>- 
gration of the frel-complex mlecules to-more simple ones, occurring unde? the “action of 
collisions with the fast moving molecules of the burning gases; the formation of inter- 
mediate products during the union of the dissociated fuel molecules with oxygen; the 
formation of the final combustion products; and others belong to the chemical pheno- 
mena. 

During various senustion conditions with various fuel substances and with 
various fuel mixtures, the processes may be characterized by various physical and 
chemical phenomena. Therefore, attempts to cover all the problems of combustion by 
a single theory kave not worked out well up to the present time. 

‘Without going into a minute account of the theory of combustion, we will brief- 
ly describe those basic facts which will be encountered during a study of combustion 
chambers. 

The combustion reaction of a fuel mixture with air occurs in a gaseous phase, 
since the ignition temperature of liquid fuels is far higher than the boiling tempera- 
ture. Therefore, evaporation and mixing with the air precedes the ignition of a 
liquid fuel. 

The ignition of a fuel-air mixture is accomplished by means of one or another 
ignition sources. The most prevalent are the following: an electric spark; a wire, 


heated to incandescence by a current; a pilot light; an incandescent body; adiabatic 


compression; all of which increase the terperatwre to a point sufficient for ignition. 
Vrworu 


Leger: 


A) Combustion preducts 
B) Flame front 

C) Fresh mixture 

D) Tyospl ™ Tignition 
EB) Reaction area 

F) Heating area 
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Fig. 95. <A schematic of lene front f Sreation during normal combustion. 

The various possible forms of combustion: laminar, turbutent, and detonation, 
are dependent on the temperature, degree of turbulent mixing,and means of ignition. 

These forms of flemes correspond to their forms of combustion: laminar, turbu- 
ident, and detonation flames. 

The surface, which separates the corbustion area from the unburned gases is . 
calleé the flame front (Figure 95). 
anon into the unburned gas » and is brougnt ebout by sieans of the molecular migration 
of heat and matter which is the determining factor in the matter of flame propaga- 
tion: the migration of heat or diffusion, pp Wattlithe-bresent!time, has ‘not bei” 
‘definitely established. The velocity of the propagation of a laminar flame front in- 
to an unburned gas, measured along the normal to the flane front, is called the nor- 
mal velocit; of flame propagation or the fundamental velocity of flame spread u,.e 

Burning gases become heated and exoand. Therefore, the propagation of the flame 
front relative to a fresh gas is superimposed uro: the moverent of the gas as a whole, 
which (the movement, ) is brought about by thermal expansion, convection, and other fac~ 
tors. The velocity of the mvenent of the combustion zono is relative to the walls of 
the combustion chamber v. ‘he velocit; vector is normal to the flame front, and is 


equal to the reometric sum of the nornal flane velocity a and the velocity of the 
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gas as 2 “hole v: 
Lad - 
Va 


o=u,+w (6.66) 


The velocity of the gas motion w is determined by the conditions of test. 

The normal velocity of the flane Uy iesenieupan the nature of the gas mixture, 
upon the temperature, and upon the pressure. ‘With. an increase of the temperature of 
the gases T, the velocity of the molecular movement increases, th chemical reaction 
develops faster, the heat conductivity and diffusion increase, and the normal velocity 
of the flame propagation .atgyerte. Luring a decrease of pressure p<1 abs. atitiy the 
velocity of the flame spread increases somewhat. The influence of a pressure increase 
on the propagation velocity has been insufficiently investigated. 

‘ The normal flame velocity of stoichiometric hydrocarton-air mixtures will be on 
the order of 0.l m/sec at normal temperatures. During the leaning out or enrichment 
of a mixture, the normal flame velocity falls. The normal velocities of unsaturated 
hydrocarbon - air mixtures is usually somerhat nigher than for saturated mixtures 


(Table 6.8). 
Table 6.6 


NORMAL FLAME PROPAGATION VELOCITIES OF HYDROCARSOQNS AT 200 C 
Ratio of the 


‘| ‘Volume Hydrocarbon 
Hydrocarbon. Un cm/sec eevee Weight to the 
3h a4 
‘Ethane : 40,1 6,28 0,153 
Propane 39,0 4,54 0,0724 
Butane 37,9 3,52 0,0732 
pentane: 38,5 2,92 -|  0,0748 
‘Hexane é 38,5 . 2,51 0,0764 
-Heptane 38,6 2,26 0,0798 
Ethyne 68,2 7,40 0,073 
Propyne 43,8 5,04 0,0770 
Butyne 1 43,2 3,87 0,0780 
1: Pentyne 1 ' 42,6 . 3,07 0,0766 
Hexyne 1 42,1 2,67 0,0796 


We will consider the formation of a lariner flame front (see Figure 95) which 
spreads in a fresh gas. Wwe will designate the temperature of the unburned gas before 


the flame front by T,, the temperature behind the frort by T This temperature is 


g° 
lose to the possible maximum for a given composition of the mixture. AS a normal 
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oressure, the thickness of the flene front, a8 shewn by Schlieré:. vhotceraphy 2 will 
be: on: the order of.0.5) mz. During a decrease in the pressure, this thickness in- 
creases to. several rillimeters. The température of a fresh ges, which enters a flame 
front, increases, thanks tu the heat supply from the reacticn area, and finally, 

rea hes ignition. terperature Tysp. (see Figure 9¢), after which the chemical reaction 
of’ oxidation develops: in the gas and is accompanied by the release of heat. The 
flake front may. be divided into the heating zone andthe reaction zone. The heat, 
vhich is released in the reaction. zone, goes partially to heat the burning mixture 
and: is partially :passed on ‘to ‘the fresh gas before the flame front. 

During the heating of a fresh mixture, the fuel molecules form radicals, sever- 
l-of which possess great chemical activity. The reaction of the fuel particles in 
sombining. with the oxygen of the air occurs with the assistance of the so-called gsc- 
‘ive nuclei -- the radicals of H, OH, and 0, which are formed in the reaction zone. 
‘he diffusion of the active kernels into a fresh mixture is one of the causes of 
‘lane propagation. 

A. flame front which is propagated into a gas, :witich is ‘stationary in ‘relation to 
he ignition source,is represented by a spherical surface (Figure 96a). The flame 
‘ront which ts propagated into a gas, which. mves-in relation-to the igitdon: 
iource at a velocity of wis represented by a conical surface whose apex angle, as 
‘irst shown by V. A. Michelson,“ is such, that the normal component of the flow 
‘elocity w,"w sin®proves to be equal to the normal velocity of flame propagation uy: 
u,=wsina. (6.67) 


: 7 


The velocity of the air flow w and the included anj:le of the combustion cone 


~~ 


are not difficult to measure by test. The normal velocity of flame propagation 


.$ omputed according to Michelson's formula (¢.67). ° 


Jcombustion Process, New York, 1956, 


e 4, A. Michelson, Normal'naya skorost' vosplameneniya v premuchixh smesakh 
Normal Ignition Velocity in Detonating hixtures/, 1290. 
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Fig. 96. Various gees of normal flame. propagation. 
a --- propagation in a stationary gas from a point source; & -- propagation 
in flow when w>u,; ¢ -- propagation in a flow when w= uy. 
During a decrease of flow velocity w, the included angle of the combustion cone 
increases to 180°, During a subsequent decrease wéu,, the front shifts to the flow. 
Laninar conbustion occurs, for example, in a Bunsen burner or in the flame of a 
‘candle. Turbulent combustion takes place in the combustion chambers of jet engines. 
Turbulent combustion is represented by the transfer of the combustion nuclei to 
the unburned gas by the turbulent masses or by the "kernels" of the gas (Figure 97). 
Turbulent kernels are those separate masses of gas, which preserve their individuality 
for sowe time and which nay be aeeedeea by the eve (es during the novement of smokc) or 
“may be observed in instantmeous photographs (see *ige 101). The separate kernels of 


a gas in a turbulent flow create irregular vortex movements, reminiscent of the the~mal 


movement of gas molecules. The value, which characterizes the size of the kernels, is 


) Wea. Michelson, Normal'naya skorost' vosnlameneniya v 


frernuchnikh sme syakh 
{Normal Ignition Velocity in Letonating «ixtures/, 1990. 
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ige 97. Photography of a-tiirbilent combietion flame during an‘exposure of two 
microseconds. 
a -- single-phase mixture; b -- tc-nhase mixture. 
alled the scale of turbulence. The root mean square velocity of the kernels in re- ° 
ation to the gas is called the pulsation velocity. This velocity always varies and 
s vectorally added to the velocity of the flow. Therefore, the true velocity of a 
urbulent flow in relation to the walls of a combustion chamber always varies (Figure 
'3). The variable velocity of a turbulent flow and, consequently, the value of the 
ulsation velocity, may be measured with the aid of a hot wire anemometer, the sensi- 
ive portion of which is a resistance thermometer, composed of a very thin wire heated 
y an electric current. Tbis.wire.is..connected td th.one. of. the arms.of.a xheatstone 
widge (Fig. 99). The hot wire is inserted in the flow to be studied. The greater 
he instantaneous velocity of the flow in relation to the heated wire, the zreater 
s the velocity of the heat conductivity, the seve the Gensercbure of tne wire will 
irop, and the less will be its resistance. The resistance measurement of the wire, 
nserted in a turbulent flow, is recorded by a low-reluctance oscillozraph (see 


igure 99). The root mean square component of the pulsation velocity, determined by 


in oscillogram, is directed along the axis. of the flow ton Sie 
: 
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(see Figure 98). "oe 1 


Fig. 98, The: pulsation velocity of a turbulent flow, measured by a hot wire anemometer. 


Z A). Wr. oreo: 
ee 


@ Kycunumenio 


Legend: 


A) To the amplifier 

B) Filament. 

C) Tube 

D) Flow 

©) Hot wire anemoneter 
) Amplifier 

G) Oscillograph 


b) Aemamiie hdanndtoae 
Fig. 99. The measurement of pulsation velocity by a hot wire anemometer. 


a -~ general schematic of a hot wire anemometer. 
_b «= instrumentation schematic. 


Thu ratio of the root mean square pulsation velocity to the average velocity of 


the flow is called the turbulence intensity ®: 
a) (6.68) 


Grilles made up of rods, plates or wires, and alsopoorly streamlined bodies, 
increase the degree of turbulence. The scale of the turbulence, i.e., the size of 
the turbulent kernels, is of the order of the size of the grille mesh. The intensity 
of the turbunenes depends on the configuration of the rods, and on the relative block- 
age of the cross section. 

Flame propagation in a turbulent flow is substantially different from that 
which is observed in a stationary medium or in a laminar flow. 


The widely disseminated conception of turbulent combustion in use today was 
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advanced by f. l. Dnchelkin, = corrassona.ng menbar of Une Acaze.y oF Sclenees, Is 
1943. According to Shchelkin's theory, the turbulent pulsations of velocity cistort 


a lastinar flame front. The: surface, which separates the burning and fresh gas ina 


/ 


b) 


me he 


sgyemadususamepu ucmovnun: 
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Fig. 100. Schematic of turbulent flame front formation (according to Shchelxin}. 
‘Legend: A) iirinkled front; 8) Stabilizer and ignition source. 


turbulent flow, proves to be wrinkled (Figures 97 and 100a). During the time in which 
iia: dteavor aorkal’ combustion spreads with a velocity of u, and is displaced. at a 
distance of Xx, * u, %; the apex of the turbulent "wrinkle" is displaced a greater 
distance x7 = u,t and transmits the combustion to the fresh mixture (Figure 100b). 
The velocity of the turbulent flame propagation u; is as many times greater than the 
normal velocity of flame propagation as the surface of the wrinkled front is. greater 
than the smooth surface of a laminar front ; 
ae = aSny/ 14002) mn (6.69) 
where 4 is a certain ae hardly yin) from 1 (one) and determined 
by an experimental method. Otherwise: 
a sny/1+8(2): (6.70) 
As long as the normal velocity of flame propagation u, is moasied in tens of 


centimeters per second (see Table 6.8), then during large pulsation velocities wu 


» Uy 


e Ue=W sya OW. (6.71) 

The velocity of turbulent combustion u, ceases to qepend aban the nature of the fuel, 
and is determined by the pulsation velocity or the turbulence intensity that corres- 
ponds 6-kte 


‘The incidence angle of the turbulent combustion zone to the direction of the 
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undisturbed flow, in accordan.# with Michelson's formula (6.57), is then determined 
only by the intensity of the turbulence &. 
, . sina=—t me, . (6.72) 

Shchelkin's formulas are justified by exoerience only to the first aoproximation. 

During the past years Ye. S. Shchetnikov and abroad, M. Surmerfield, developed, 
independently from one another, the theories of volumetric turbulent combustion, in 
accordance with which combustion occurs not in a distorted flame front, but in the 
entire volume of the flame jet, whose temoerature gradually increases as it recedes 
from the ignition source. 

Schlieren photopraple of the individual turbulent kernels of a burning gas are 
depicted in Figure 101. 

The theoretical and experimental investigation of turoulent combustion is still 
far from being finished. The experimental data obtained at the present time seem to 
guecdst-that- an -inerease-of- ometiescele turbakence intensity. contribtites to! anin- 
‘Crease’ im the growth of: combustion velocity. 

Under certain conditions a quiet turbulent combustion may change into 
a pulsating or detonating combustion. 

A detonating combustion is represented by the propagation of the reaction zone 
with an extremely high velocity: from 1000 to 3000 m/sec. A reaction zone, which is 
propagated with a high velocity, is called a detonation wave. The works of Ya. B. 


Zel'dovich brought an important contribution to the theory of detonation. 


Te 


Fig. 101. Photographs of burning turbulent kernels. 
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Detonation waves possess certain importanc characteristics, The velocity of a 
détonation wave does not. depend. upon the dimensions of the. combustion chamber if its 
diameter is greater than a certain limiting value. ‘The propagation velocity of a de- 
tonation wave is little dependent upon the initial temperature and pressure. Thus, 
for sraiplay the ipropapation: velocity of a detonation in a stoichiometric mixture of 
hydrogen and oxygen during a pressure change from .200 to 1500 mm of mercury, i.ee., 7 
times more, changes from 2630 to 2870 m/sec, and during a. temperature change from 10 
to 100°C, <= from 2620 to 2790 m/sec. 

The velocity of detonation waves depends, in a large degree, upon the nature 
of the fuel and oxidant and upon thé composition of the mixture: during a leaning out. 
of the mixture, the detonation velocity diminishes. With sufficient leaning out, det- 
onating combustion changes to the usual slow flame spread. Detoriation effects are 
connected with shock waves. . 

A combustion detonation appears when an increase of temperature in a shock wave 
is sufficient.for the ignition of the mixture. The velocity of a detonation is equal 
to the phonueation velocity of a shock wave in the combustion products at the tempera- 
ture that is established at the end of combustion, 

In piston engines a combustion detonation ("knock"), which leads to the chip~ 
‘eng of thet pistorr tid conbinstion” chanber wala s,/'48 ‘extrenely: harmfat,’., The possi-- 
bility'of using: detonating combustion in jet engines has not vet been’ suffictently- 


‘etudied. we epee 


SECTION 8. IGNITION LIMITS OF HYDROCARBONS. IGNITION LAG. 

The flame from an ignition source may be propagated along the entire volume of 
the mixture only during sereath conditions. If the heat liberated by an ignition 
source (sparks, for example) is insufficient, the mixture will not ignite. By chang- 
‘frig. She minchae édhsésition certain l4fits may be reached beyond which no local 
ignition source can promote combustion. 


The highest fuel-to-oxidant ratio in a mixture at which the ignition of the 


a 
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The lowest, fuel-to-oxidant ratio in a mixture at which the ignition -of the mix- 


ture is still possible, is. called the lower ignition linit (Table 6. 9) 


_ Table. 6.9 
“IGNITION CONCENTRATION. LINETS OF HYDROCARBONS. IY VOLUMETRIC 
PERCENTAGES WHEN pel es AND. t = ee 


Methane ‘| CHy | 46 8,00 |, 15,00 


i Ethane ‘Calle, 29 3,22 |. 12,45 
‘a Heptane 5 Cie: : 100 , : 1,00 6,00 
Octane =|” Catt 114 “0,95. 


Ignition. limits depend upon the initial temperature and pressure of the mixiure, 
upon the means of ignition, and upon the gas constant. With an increase of the ten- 
perature of the mixture, and -with an increase in tha,daeescee the ignition. source, 
the ignition limits are expanded (Figure 102b). The ignition lindts for a gas flow 
are: usually different than those for a stationary. gas. 

A pressure variation also influences the ignition limits: if the pressure drops 
below that of the atmosphere, the ignition limits shrink and finally coincide: igni- 
tion becomes impossible. If the pressure becomes higher than that of the atmosphere, 
the ignition limits are altered insignificantly. Fer some: mixtures an increase of 
pressure causes an expansion, for others -= a constriction of the ignition limits. 

The ignition limits are connected with the flame propagation velovity u: if 
u = 0, the flame in the mixture is not propagated, combustion is iapseaiviey and the 
upper and lower ignition limits coincide with one another. With an increase of pro- 
pegation. velocity, occurring for example during a édupengbure taenense of the mixture, 
the ignition limits aré expanded. 

The fraction of fuel in a mixture at the upper and lover agneeeen limits is 
usually expressed in volumetric percentages r, from which. it is not difficult to 
derive. the gravimetric arachs on or the excess air coefficient a, if the ‘molecular 


weights of: the fuel Fe and of the air Pyare known e 
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Fig. 102. Ignition limits. 
A ~-- Dependence of the ignition pressure upon the temperature; 3B -- Depend- 
ence of the reaction velocity upon the temperature during various pres-~ 
sures (in mm of mercury); C -- Dependence of the composition of a mixture 
upon the temperature. ° 
The partial pressure of the fuel and the air in a fuel mixture is 
pr=tP; Po= (1—r)p. : (6.73) 
The gas constant of the fuel is 
648 
ore 


The gravimetric fractions of the fuel and the air in 1 m of a mixture is 


a7, Ca ae (6.75) 

The combustion of a mixture, which lies within the ignition limits for ignition by 
a spark, does not occur instantly, but after the passage of a measurable period of time. 
The time which elapses from the moment the fuel mixture is ignited to the moment the 
flame front appears, and may be registered is called the ignition lak. in ignition 
lag is usually observed during the ignition of a fuel mixture in a gas cylinder: The 
pressure increase in the cylinder is recorded by an oscillograph. During the igni- 
tion lag, the pressure does not increase greatly (Figure 103). At the expiration of 
the igniticn lag, a pressure increase occurs at a great soeed and ends when the entire 
mixture is burnt. An ignition lag is observed during the ignition of mixtures of 


~ 


hydrocarbons and air. The transfornation from the ignition lag to the reaction, 
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which proceeds with a noticeable velocity, occurs gradually. 


A Renpunoe Legend: 
@ latrenue 
Ls A) Terminal pressure 
3B) Initial ressure 
C) Time 
“ =—t—4 q Byeun 
Fig. 103. Variation with time of the reaction rate of the oxiaation of hydrocarbons. 
t -- ignition lag. The curves a and b refer to mixtures of hyvdro- 
carbons with oxygen, the curve c refers to the same mixture after an 
‘addition of aldehvde. 
The existence of the ignition laz is explained by the fact that the hydrocartor 
molecules do not unite imnedictely with the oxygen, end the reacticn has 2 chain 
.mechaniss. In the course of the igniticn lag, a sufficient quantity of active particles 
in the. mixture accumulate, the presence of which is necessary fer the development of 
chair. reactions which result in the oxidation of the hydrocarbons. A small addition 
of aldehydes shortens the ignition lag (Figure 103, curve c}. 
Example. Find the greatest and least excess air, during which the combustion 
3 S 
of heptene is possible when r,, = 1%; ry = 62. 


The carbon content in heptane is 0.8, hydrogen -- 0.16, L = 0.8¢11.510.16° 
3465 = 15.17. 


Using forma (6.73), we determine: the greatest cxcess air (lover limit) 
99-289 
“mex =9100-15,17 1° 
least excess air (upper limit) 
“gi 289 nay 
“mle = "6.100-15,17 


SECTION 9. FLAMS STABILIZATION 
If a flow of a fuel mixture, whose composition is within the ignition limits, 
passes an ignition source (an electric spark, for exarple), whose power is insufficiently 
great, ava high velocity (about 100 m/sec), then the heat balance proves to be un- 
favorable, the mixture temperature does not reach Tysp9 and the mixture does not ig- 
nite. To insure the uninterrupted ignition of the quickly moving flow of a fuel 
xture, the ignition source (an electric sperk, for exarple) is located behird a 


poorly streamlined body, for example, a cone, which faces towards the flow, or a 
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plate behind which 2 vortex zone is fornec vherc the gas flow recirculates (Figures 


10h, and 105). 


= Anocnad aati 


or Sel ar. 
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Legend: 


Fig. 10). Recirculation ‘zone behing a poorly strearlined body. 

The area of counter flow, in which the ignited masses of gas are recirculated, 
serves as an ignition source for a fresh mixture. 

A poorly streamlined body, which holds back the flame in the recirculation zone 


“aR 
is called a baffle flame holder. ms 


Flat, conical, corrugated, cylindrical, and other forrms of flame nolders are 
used (see Figure 104). Flame stabilization is possible also in the boundary layer 


and in counter i 
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Fig. 105. PhOtoeraphe of Tig cercustien = zone behind the flene eldetes 
a -- multiple flame holder (time exposurc), b -- the same flame holder 
(instantaneous Sc’Lieren-photograph), c -- simple flame holder (time 
exposure), d -- the same flame holder (instantaneous Schlicren-photograph), 
At a certain flow velocity, v.,, the flame of a homogeneous mixture, the cor.- 
position of which is within ignition limits, blows away fron the flame holder and 
combustion ceases. 
According to the thermal theory, the action of a flame holder is as follows. 


Continuous combustion occurs in the vortex area behind the flame holder (see Figure 


104). The cold, turbulent flow of gas, ‘hich flows around the flame holder, comes 
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nto contact with the contnsticn aréa, ana by means cf a turbulent heut exchence, 


dd 


obtains the heat necessar; for its ignition. If the velocity of its movement « is 
‘great or if the terserature of the gases in the ccernbustion zone tehind the flame 
holder is low, the quantity of hea: that the fresh mixture receives will te insuffi- 
cient for heating it to the ignition temperature Tysps and the nixture will rot ig- 
nite: the flame will blow away from the flame holder. 


During tests, a flame holder with a known relative cross section S., = se is 


(ty increasing, for exanple, the exhaust nozrlte cross section) unt? es. bust: 
takes place, All the remaining paraneters: the conrociticr of che mintuce oy the 
temperature T) and the air pressure Pops the nature cf the fuel, ara the Lurtvlerce 
intensity of the flow -@ -- must be constant if possible. That finre holuer whien, 
at a given relative cross section S.., has the highest blow cf! velocity ve. = xo, 
is the best. Sometimes, in place of the relative cross secticn Sot the crag cceff: - 
cient of the flame holder § is given, and the velocity of the blow cut deterrined at 
a given drag. However, to calculate the draz coefficient of < corolicated flane - 
holder beforehand is usually impossible. Tests show that the blow out velccity at a 
given relative flame holder cross section Sot = ee depends upon the -eometry of the 
flame holder and upon the parameters of the fuel mixture. 

The geometry of a flame holder exerts complex influences upon the blow out 
velocity. Certain tests, the authenticity of which is in need of confi:mation, shov 
that the blow out velocity increases with an increase of the flare hol.er's perimeter 
so long as the transverse dimensions of its elements do not becore less than a certain 
given value. Therefore complicated flame holders, constructed fron radi-]l or concen- 
tric gutters or of rods, retain the flame better than a conical holcer if the loads 
applied to the cross-sectio:, Sot are emial, The tlow out velocit.: ines ases with an 
increuse of the rods' cross-section (*igure 1%), 


The composition of a mixture exerts a substantial influence upon the action of 


a flame holder. Usually the blow out velecity for a given flame holcer has its 
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greatest value. near the sicichiometric composition (Figure 1C7). 

With a leaning out or an enrichment of the mixture, the biow out velocity de- 
lcreases. If'-tho: comosition ofthe mixture .ehanges sufticiently,. pulsating combus- 
tion begins and ends with the breaking--away cf the flane.. 

The temperature of the mixture. With an increase of the mixture temcerature, 
the velocity of a turbulent combustion increases owing to the growth of the normal 
velccity of the flame propagation. The blow out limits, for a given velocity and 
composition of the mixture, exoandi. Therefore, in those supersonic corkustion char~ 
bers, ¥here the stagnation temperature is greet, higher flow velcciiics are pernissible, 
and the limits of stable combustion at a given compcsition of the nixture, prove to be 
wider than in subsonic conbusticn chambers. 

The phase composition of the mixture exerts an influence upon the operation of 
the flame nolder. A large portion of the drops, moving with the air, do not flow 
around the flame holder while moving along the air stream lines, but strike against 
its surface, Fuel vapors and the :xinutest drors penetrete into the spice behind the 
flame ‘iolder. If the surface is not too hot, a liouid film forms on it end runs off 
the rear edges of the flame holder. Under the influence of hect tr:nsfer froia the 
combustion zone throush the material of the flame holder, and in co sesuence of the 
diffusion of vapors into the aieonins air, the film evsporates intensively. The 
forming varors are carried over to the turbulent area of the flame holder, enriching 
the mixture near its rear advo: The cvercge excess air in the conbustion chamber 
is seldom less than A, = 0.£. Since the drops on flame holder evanorate, the mix- 
ture in the combustion zone is enriched without exceedii5 the co:xbustion limits. 

If the evarace excess air in the chamber Ase > 1.6, combustion of ‘ne two-phase | 
mixture is not curtailed, since the fucl evanoration of the flame holder enriches 
the mixture at its rear edges and the lean blow out occurs when Aor > 1.6. Con 
Sequently, in 4 two-phase mixture the volo out of the flames from the flame holder 
occurs at lower fuel-vo-air ratios tha; durin; oreration with a sinzle-phose mix- 


. 


ture. with en iicrease of the flo.; velocit:', the portion of the drops which stri:e 
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the flare holder increzses; therefore in a twoenhice rixture peer tlew out limits 
occur ai Patce average sie exceaué: a ror nigh flow velocities. Tvwo-phase mixtures 
‘are Bore suitable for corbustiion in a combusticn chamber equipoed with a flame holder 
‘than. are single-phase mixtures. | ; : | 


Ignition. source. An ignition -scurce, such aS-an electric spark or a flane, 
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Fig. 106. The influence of the thickness of the flame-holding rods on the derangement 
velocity, with an increase of the thickness. 


must be introduced into the space behind the flame holder for the initial ignition 

of the mixture. After ignition, the ignition source may remain connected and car- 

ry’ out the funedion of a "pilot light", ‘With an increase of the heat energy of the 

ignition source, the blow out limits at a given velocity and given composition of the 

mixture are expanded. With an increase of the degree of turbulence, the blow out 

veiccity changes. Turbulence-forning screens and grilles, used to make the flow tur- 

bulent, are installed at the chamber inlet. The installation of turbulence-forring 

screens during operation on rich mixtures decreases the blew out velocity. During 

operation on lean mixtures, the influence of the degree of turbulence is more cornlex. 
The heating of the flame nolder expands the stabilization lirits at a given 


‘welocity and given composition of a mixture. Cooling of the flaue holder surinks the 
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stabilization limits. 


. Bdnacmo usmepenud 
0% uw omt2 do-170m/[cex ®) 
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& 406 B) Transition area 
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6 2 4 680 20 406080007172 ~ f) w from 12 to 170 m/sec " 


- y ira ne 
. €)Napamemp cmadunusauuu 27s B) p from C.2 to 1.0 ke/en 
pep 7) D from u.6 to 2.5 cm 
Fig. 107. Dependence of the stabilization parameter on the composition of the 1ixtur: 


Galculetion Formulae. Letailed research on flame stabilization was carried cub 
by a series cf scientists. Figure 107 depicts the experimenta, data of De 2ubay uho 
by bodies of va:icus sizes and shapes and over a wide range of mixture compositions, 

ue Peg 
pressures and flow velocities (from 0.2 to 1 atm and from 12 to 17C m/sec)”. 
G1 ee spin a : ‘ ee 

De Zubay found that Ga? the blow out limit,is a function of the stabili- 

4 s- 
rd 


eee aed ac 


where Tp is the temperature at which all experiments tere carried out; Tp = 390% ; 


(6.76) 


T is the temperature of the flow in %; 


p is the pressure of the flow in kg/em?; 


wis the velocity of the flow in m/sec; 
f is the function, aoproximated by the curve in Figure 107; 


D is the hydraulic dianeter of the flame holder in cn: 
4S | 

re (6.77) 

S is the area of the flame holder in om? ; 


P is the wetted perimeter in cm. 


a 


Examole: For a stoichiometric mixture of pentane with air: L = 15; wher w= 1, 
1 
the fuel-air ratio gT = 0.0167. The stebilization paranetcr according to the graph 


of Figure 107 is: 


% 
De Zubay, Character of Disk Controlled Flames, Aero Mrest, 61, 1950. 
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Fror. this it is. possible to find the velocit;, pressure, and terperature of the 
flow-or the hydraulic dianeter of the flane holder, for the blow out conditicn, if 
the reraining paraeters are krown. | 

If the velocity of a flex v = 109 x/sec; om = 1; p=1kz/er*, then the least 
hydraulic diameter of a flame holder capable of maintaining a flame is eouel to 

es; — 
D= \/ i OM cal = 9 mm, 
SECTICH 10. COMBUSTICH IN CERAKIC TUSES 

Fleme holders are necessar; for the combustion of hydrozarbpon fuels in corbus- 
tion chanders having metal wails, since the temperature of the metal walls usually 
remains lower than the ignition temperature of the fuel ane metallic walls are not 


able to serve as igniters. 


Fig. 108. Photo: raphs of combustion in stabilized and in ceramic combustion chambers. 
a e-- a stabilized combustion chamber, b -- flame at the outlet of a 
stabilized combustion chamber, c -- corbusticn in a ceramic combustion 
chamber, d -~ flame at tre outlet of a ceranic comtusticn chamber. 

To decrease the drag of the combustion chamber ¢, experiments were carried out 
upon the ignition of a fucl mixture in an un-stabilized combusticn chamber, whose 
’ 
Sides may heat up to a temyerature which was close to the flame temoerature. In 


_ovder that the welis should maintain a temperature which was much higher thar. the ig- 


nition temperature, ceramic tubes (Figure 108) were used as the com stion charber. 
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The corbusticn efficiency of the hyurccartons in a cereric tube is close to 
10C%, and the drag € is less than that of a stabilized combustion chanber. However, 
the mecranical strength of ceramic chambers is significartly lower than that of 
metallic, and the surfave unit weight is much higher. Therefore, up to the present 
time, serene combustion chanters have not founj a use in jet technology. The heat- 
resistant and non-conductive converings of the internal surfaces of the plates of 
which combusticn chambers are mde are able to intensify the corbusticr process, 
Gecrease the lenzth of the corbustion zone, decrease heat los:cs through the walls, 


a 


increase the cembuction efficiency ana decrease the burner crac. 
v c 
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‘The fuel used in ra:.jet engines which cperate on a melwcilar energy source is in 
a liouid State. The initial velocity of an air flow at the inlet to a combustion 
chamber amounts to tens of m/sec, and in some combustion chazvers even exceeds 100 
n/see: the stay time of the fuel in a combustion chamber docs not exzsed several nil- 
liseconds. in order tnat the liquid fuel be able to burn cornpletel; in such a short 


interval of time, the ignition must Le preceded by a careful prenarsttun of the { «l- 


The presaration of the mixture by combining vapor asa srail dross of fvel wlth 
the air is called carburetion. 

. Carburetion ccnsists of the following processes: the fvel sajection; the 
breakins-soun of the fuel stream into drocs; the evaporation of the croos, and the 
mixing of the fuel vapor that is formed, with the air. 

Tn2 speed and cormoleteness of the combustion dener.ds on the guaiity of the mix- 
ture preparation. Carburetion is one of the most important stages in the operation 
of the conbustion chamber of a jet engine. 

The fuel feed is accomplished by the aid of containers filled with ae cornoressed 
gas or by the aid of a punp which is placed into operation by a special motor -- usual- 
ly an air turbine. 

The dispersion of the fuel is accorplished by the aid of fuel injectors: the 
fuel stream, which discharges fror an injector, is broken dow into separate ninute 
drops, the diameters of which are usually measured in a tenth of a micron. The evap- 
oration of the drops which are moving in the air, occurs because of the heat taken 
from the surrounding gases as well as from their own heat. The finer the drops, i.e. 
the greater their overall surface, and the greater the material and heat transfer co- 
efficient, the quicker the transrission of heat and the evaporation of the drops will 


be. The injectors must te situated so that the local concentration of the fuel-air 


mixture that is formed in the cortustion zone is within ignition limits. The evapora- 
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tion of the drops is usually acconplished in tie same combustion zone. 


The intersnersion of the fuel vepor with the air occurs due to the turbuien 


of the flow and molecular diffusien. With an increase of turbulence intens'ty, t! 


interspersion process is accelerated; the distance, at which the distribution acr 


the entire cross section of the combustion chamoer is ‘ade wniforr, is shortened. 


ce 


he 


055 


We will begin the study of carburetion with an account of the theor; of fuel 


injectors. 


SECTICN 1. DERDOT-SPRAY INZECTGRS 


A direct-spray injector is represented by a small nozzle with a narre. open. 


the diameter of which is usually in the region of a tenth of a mil>imeter ( 
109). 

The discharge velocity of the fuel uy may be found from Eernoulli's equavi 
We will designate the excess pressure ahead of the injector inle by &p and the 


density of the fuel by ‘yg. Then: , 


- satis : Legend: 
-. ¥ sees / A) Fuel 
B) Nozzle 


C) p= 100 atm 
e) pxt00am d, “Imm 


Fige 109. A schematic of a direct-spray injector. 
The pressure losses AP oot are usually proportional to the square of the d 


charge velocity: . 
Tr®, 
AP =o 


Here § is the loss factor or the drag coefficient, which is deterrined by 


experimental method. Substituting the equation (7.2) in (7.1), ve odtain 


ee Zi) gee 2ghp 3) 
mt mee / e 


The exoression Gu is called the velocity ee nner 


The velocity coefficient is related to the dra: coefficient 


Wire" (764) 


The velocity coefficient usually lies between the limts of 0.92 to 0.9%. 


vo ™ 
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i ee 


For 


Pe =0,95. 

One may find the discharge of a liquid 3 from tha velocity and size of the ine 
jector outlet section 5: : 

C=¢w,S1,= Pes V 2gy,4p. (7 5) 

The factor YJ vaien is eaual to the ratio of the cress saction are2 of a soray 
to the injector nozzle area, is called the contraction coefficient. “hen the dis- 
charge in direct-spray injectors is from aa opening with shary edees 

2 . 


. icon 


3 ° 
The product of the velocity coefficient and tne contraction coefficient 
s Ww 


is called the discharge coesficient 1, 
P=F Pw. (7-4) 


In practice, it is more convenient to measure the discharge coefficient a: 
G 
. = sie (7.7) 

The excess pressure of the fuel supoly is measured by 2 manorater, the density 
of the licuid -- ty a hydrometer; the Slow per second is determined either ty a direct 
weighing of the liquid, which flows out of an injector in t tine, or with the aid of 
Special fuel flow meters: calibrated orifices, flow meters, turbine meters and 
others. 

For changes in the nature of the liquid (for example, when benzine is substi- 
tuted for kerosene), for variations of the liquid's temperature or of the surplus 
pressure, the discharge coefficient of a direct-spray injector is insignificantly 

. 
altered. 

The stream of fuel, which discharges from an injector, treaks un into separzite 
drops during interaction with the surrcundi:g medium. 

Examole. Find the discnarge velocity; and the flow rate cf benzine if the diam 
eter of the injector nazzle d, = 1m, the discharge ccefficient fi = 0.4, and the 
velocity coefficient 4. = C.95 if the density of the benzine » fa 0.75 e/a and 
the fuel-feed pressure Ap = 10 kg/er.*. 
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ha 4p 
wea ee |/ rem 


Ye exoress all values in the technical s: 


Se 


ke/m? 3 Y- 0.75 k2/2 = 750 ke/n; 


1 : 
we = 0,95 V 19 6 = = 48,5 m/sec. 


G = 0,6-0,78-10-6 /19,6-750- 10-104 = 0,0179 Ke/eex = 17,9 gr/sec, 


0 * ‘ fet ey i Cres am 
OSEVLO GV Ce Sivek sae beet we te a 


Direct-soray injectors allow good dispersion for relative velocities of LO. 
m/sec and higher. To obtain good dispersions at sraller relative velocities, centr:- 
fugal injectors are used. 

A vortex is created in a centrifuzal injector, which directs the stream of 
liquid intc a rapidly circulating motion, thanks to which the liquid, durinz discharge 
from the injector, moves not only alonz the nozzle axis but also in a tanzential 
direction (Figure 110). The theor, of "ideal" centrifuzal injcsctors, neglecting the 
force of friction, was worked out by the Soviet scientist, Doctor of Techr.ical 
Sciences, Professor G. \. Adrarovich. I. A. Xlyachko and o*her research2rs refined 
this theory more precisely for the case of the flow of a viscous liquid. 

Many forms of centrifugal injectors exist. The rest widely used injectors are 
those with a tangential fvel sunply {Firure 111). An irjectcr with a tangential fuel 
feed consists of a vortex charter and an exhaust ooening -- with a nozzle and feed- 
ers wnicn are located at a tangent to the vortex chamber. The fuel enters the vortex 
chamber at a tanzertial direction, meviny in a soiral it fo-s into an intensive 
rotary movemen® ani discharges through the exhaust nozzle. The an-vlar velocity af 
a liquid duriaz its meverent fror a vortex charbLer to tre cxhauct cnenine of the 


nozzle increases in accordance vith the lav of the c.oucervaticn of momentum. The 


particles of the liquid, which are exhausted from the nozzle, an? are roving tn an 
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axial as K#l2 as a tange:tial direction, expand into a cynical shroud wuien, ever 
during discharce into a vacuur. reaches maxinum fineness at a certain distance fror. 


D the injector, loses its stability and breaks down into minute drones (Figure 112). 


* « . 4 r . . . . 
Fig. 110. Particles of a liquid, discharging from a centrifuzal injectcr, move in 
axial and in radial directions. A) Injector. 


ai 

Legend: 

A)lopwovee oe A) Fuel 

B) Supply tube 
rns C) Vortex chamber 
rrr CEE | D) Hozzle 
¢) Buxpefae 8! 
newepa . 


Fig. lil. A schematic of a centrifugal injector. 


The velocity of the discharge from a centrifugal injector is determined by 


w= og!? 
roy/ 204 (7.8) 


where 4v is the surplus pressure, which reoreserts the difference between the pres-~ 


Bernoulli's equation: 


sure at the injector inlet and the oressure of th= surrounding medium; 
Y is the density of the liquid; 
qq, is the speed ratio. 
For an ideal injector q: = 1. 
The velocity vector of the discharge is composed of the tangential wy and axial 


WwW, components: 


2B @ 
==wsin—, \ 
me 2 (7.9) 
; bal daca (7.10) 
wm wi + wi, (7 11) 


where € is the included spray angle of the dispersion jet. 


The weight flow rate of the liquid is 
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where 5 is the area of the nozzle exhaus. opening 


io is the discharze coefficient. 
to determine the dischaers 


- 


The theory of ideal centrifugal injectors is used 
coefficient of an injector , the dispersion incluied sora) angle &, the contraction 
coefficient Y; and the thickness of the spra; cone. The deotn of the ssra, cone ce- 


termines the fineness of the dispersion of a liquid ty centrifugal injectors. 


Photogranoh of tne breakdown of a liquid sora; cone discharging fror a 
t=) = ", J B 


Fig. 112. 
centrifugal injector. 


For non-viscous liquids, benzine or water for exaxple, the theory of an ideal 


injector offers a sufficiently close agreement with Ss as lignids 


-- for example, kerosene or dizsel fuel -- it is necessary to introduce corrections 


for the force of friction. 
The momentum M of a licuid, which enters a centrifuga injector, is equal to 


the product of the velocity at the inlet tube wa and the radius of the tyist Yr) which 


is equal to the distance from the axis of the injector to the axis of the inlet tube 


(see Figure 111): 
M=wy,. 


During the flow of a non-viscous licuid the romentun of any liauid particle 


under consideration remains constant: 


OS.— Ul, 


where ¥; is the tanzge al corponent velocity at the nozzle outlet; 
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“charge nozzles: a a ~. 


| During the apotoa ch to the. exhanst opening ; the fadivs. of the ¢irculation r de- 


Greases ‘and the: tang ential velocity He rOwss 


Tending te fiove rectili néarly because of inertia, the sarticles. of ‘the tuistes 
ee depart fror the circulation. axis an a form a cy2i erical so ra; cone. with a 


depth. of 8 {sea Figure. 112) inside the. nozzle, At. the eaehie outlet the spray céne 


expands inte a conical surfece., The greater the tanzential vel city of the strean, 
the small er the relabive desth of the sora; cone & and the smaller the céntractio: 
c 


coefficient of the nozzle. 


The ratio. of ‘the. ring-shaped secticn of the discharging strear. $.4,, to the 
nozzlé:. exhaust section Ss ise ailed the contraction coef fficterts 
“Ss «a (7.613). 


where di... is the diameter of the air vortex; 
: vk be = r 


ds 


is: the nozzle ‘diareter. 
The. thickness cf the spra} cone in | the: exhaust nozzle is: 


~ Gas): 


The diameter of the air vortex in the exhaust. nozzle is 


-conseguently, the relative eee of the spray cone is: 
a 
aye —Vi—¢). (7 Jk) 


In the theory of an iceal injector, which we will not set forth, it is indicated 


that the contracticn coefficient ¢ ; the discharge coefficient jf’, and the included 


See Ee ee ve 


df 
A= (7.15) 


. be 2 on 
vhere a, is the diameter of the twist, which is equal to tyice the distance fro the 


angle & are deterrined by the so-called geonetric characteristic cf the injector 4: 


injector axis to the axis of the inlet tude (tangential opening); 


dy}, is the dianeter of the inlet opening; 
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— se At po es Leet Awe es ee ae fh Moap hay fetpae _ 
DoS: ons + Ger O7 tanvential csEn ngs BU Une Vereex -Cn nar. Her Bae. 
“ = * z bee aoa aes cd = = = Si - , : 


oe The Contraction : Cosfficient YP Ray be: fond from the equation: 


ee the’ discharge coeffictent. from - 


(7237) 


| : —— a 
Be rag (ee 


’ 


#11 these forrutzé » ere Cbtaitied during a series of sinplified essurpti ans. 
th ere? ore, ever for a ne hevisdots Tiquid they are only agoruxinevel 
ereater ‘the: wascoaity, or th ie liguic, the smaller the tist of the Streat., the thick- 
er thé spray cone in the exh Au st ‘Adz 21G5. the greater the éontractior: coeffi ent gs 
and the greater the drscharze sauces Pe This. paradoxical conclusion is :con- 
firmed ‘by practice. The nozéle spre}. angle duririg an Snertase of the viscosity of 


the liquid decreases because of the decrease of tangential conponent. velocity. The 


0 i 2. .38 4 § 6 A 
Fig. 113. The dependence of the contracticn coefficient Pr, the discharge coefficient 
o- +, 


Jer. and the included spray ansle dp upon the cecretric characteristic of 
the injector 4. 
dependence of q, p>» anc Q@ upon the geometric cnaracteristic of an ideal injectcr, 
calculated according te the formulae (7.1€), (7.17), and (7.18) is depicted in Figure 


113. 


The discharge coefficients of a centrifugal injectcr during coevation on kero- 
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1. inj jester, the basic eonelic 
ie 


= approx mate ¢ prelininaty ea} 


; dispersion angles. ef echt’. 


~- 


- Bene: st ‘Betertine the asotetrte ‘charactert stic of am ideal centrifugal injec- 


, the sera angle «, and. the relative thicknes 35 of 


‘the sohay. cones “A nit ray ‘ - O46 Try ayy <n, aya * Osh nay aiid the munber of taf- 


The: coefficients. te and Le and: the. angle OL are . found: ‘by the ereph | in Fisure 1.3 


ye 


 Salieroatt- creat 00075, 
; ; de. 2 : 

‘The -average ‘diameter .of ‘the. rops. which are formed during the operation of a 
centrifugal injector depend. upon the. thickness of the liquid spray cone at the injec- 


tor nozzle outlet. 


SECTION 3. THS BREAK-DOWN OF LICUID STREAMS AND DROPS 
Liquid streams and dross, which are moving in e gaseous medium, break down. 


A liquid, which discharges fror. the opening of a tube or fron the nozzle of an 


a 
e 


injector into still air, comes under the acticn of surface tension and aerodynamic 


forces. Turbulent pulsations of velocity usually occur in a discharging stream: the 


stream: as a whole moves in relation tc the tube wits a certain sneed w= 90y/ 2g? 


Inside the streax the individual turbulent moles of the Jiouid mcve in a disorderly 
fashion, which is similar to the thermal movenent of molecules. The character of the 
flow depends upon the discharge velocity, the density, viscosity, and surface tension 


of the liquic, and even upon the layout of the exhaust nozzle or injector. 
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‘During a very snaili surolus pressures. the discharge 2 veleeity: 1s lows under the 
‘pétion of the force of’ gr gravity and the for cé of ‘surface tension individual: drops, the 
coast nee lie bétveen ¥ to. oR mn. | Figure Lika), will break. off ‘from 
the edges of ‘the: exhaust opening, . : 

With an increase of the surplus pressure, the. cischarge velecit ty iner reases and 
thé Liquid discharges fror the Opening in thé forn of a. laminar stream (Figure hb), 

With a ‘further increase of ‘the sutplis pressure,. the discherge velocity. increases, 
and thé stream bécones turbulent. Oiing to the redi ial: pulsations of the velocity, 

the surface of ‘the stréan is not aniferr. (Figute Ike). Phe acrodyneiic forces, 
which: act.on the stream, ‘tend to increase all. the. irregularities on ité surféce, 
viitle the surface. tension forces tend to levél then. The stream lines eohear 2 turbue 
Tent, stream having a non-uniforn: surface 4% shown in Figure 115. In front.of the ir- 
regularity, the air vélocity déecréasés and the pressure. increases; at the peak of the 
irregularity, the velocity of ‘the flow increases and the ofessure dimfnishes. The: 
areas of increased pressure are indicated in Figure 115 by "+" signs; the rarefied 
areas by "-" signs. 

It is obvious that under the action of aerodynamic forces, the disturbance on 
the surface of the stream will increase. For a sufficiently large relative velocity 
the individual disturbances will break away fror the strear. and form minute drops, 
the diameters of which are less than the diameter of the strear.. At a great distance 
from the opening the entire stream wil] break dotm into drops whose diameters are 
commensurate with the initial diameter of the strean. 

At very high stream velocities relative to the air (higher thar 100 m/sec for 
kerosine), the break-down of the stream into drops begins rivht at the outlet open- 
ing (see Figure llhd). 

The liquid drons beco.re subject to tie cetir. of surface tc. sion anc aerod. neve 
forces as they move ir the air. 

Surface tencio forces terd t> innart « sp .ccical sus ce 6) & oro. = .xrod: anic 


forces tend to flatten ont « drop (figure 116,, Ab a sudf.cieit value o. the < ~cc-ic 
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velocity, the arenes of a giver Liguid disinte- 


at: relat ive » 


- ee 


. . a ie . wey ASN A 
2 aso, “ : ie pane : 
ae Os &S @ ote 
'O@ -§§9:6 o'@ 8 e204 cay! 
mae oer ee eee Ste ee = 
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“es : - “6 yt -: ; 
discharges fron an opening ab varicus. 


‘fe Spon wees é WS: S10: w/sees ay W100: n/sec. | 


“The breakdown of sillineter-s sized: deceit ee in. Figure HI. ‘ hen | a velocity 
of approxinetely. 23: ee is ‘eactied, a ‘drop whose tri tial dianeter is (265 Ty at 


first ‘beconés: fiat, then forns a: ring with: a film in the center. Gradually this: film 


Blows out tnte a bubble, witch finally bursts,. breaking up into. a series of almost 


‘imperceptible drops. . ‘The photographs in Figure 117 show. the ‘successive moments of 
deformation and breakdown of a spherical drop. in frate five we see that, the bubble 
breaks near the apex. The broken edges of the film pull together towards the ring | 
(Frames -6, 7, and 8) under the action of surface tension and collide with the ring, 


driving small droplets avay fror: it (Frame 9). Finally, the same ring breaks into a 


series of ninute drops and one or two large drops (Frame 10). 


2,0 


ee 


Fig. 115. The air flow around a turbulent strear.. 

Phe dynamic head, which appears during the movement of the drops relative to 
the air, is sufficient to cause the breskiown cf the drop and may be found by substi Al 
tuting it for the :nterna? pressure which appears in a drop because of surface ten- 
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Sich. “Althoug Bh, aS ill ‘be ‘sub, sequently eensigeré ed), a drop in fiignt dces net have 


2) actly a ‘lioricat shape), for the ita theratical analysis. of the probler it will de 


Desstionanty cone dered to. ‘be soherical a 


pared 


- If the surface ‘térision. of the Grop is equal to oy ‘then the force f > #Lth vhich 
one: halt’ of the drop attracts the other, will be equal to (Figure 115), 
| | fede. | (7.9) 
This force crea tes a pressure whdich acts or the entire surface of the drop. 
The: force f is ‘equal to the sum of the. products. of elements of the area dS. times. the 
‘pressure: piodécted to: the normal: ‘to: ‘thé: element in question:. 


| paS coi gap § aS cos ¢ ==dy. 


(¥4) . 


(7.20) 


Fige 117. «. photograph of the breakdown of a millimeteresized drey in an air flow, 
by equating (7.19) and (7.20), we obtain the internai pressure which is created 
by the forces of surface tension: 
p=-—-. 


(Te2l) 


re 
. Je 
If the dynanic head mg has the same order of mapnitude as the internal pres~ 


: 4s 
‘gare caused by surface tension . ra the drop bezins to disintegrate: 
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» (4422) 


4523) 


The experizents of Yr 8 < velvasidy, made sith various éla i ye ‘verzeit tes o 


4 
pt) 


aro: op: of Ageia having various. surface tensions, showed the vat eof the veskdown 


a 


eritertor D for. all. the ‘iguias investigated to be: constants khen P 210.7 solitiing 


eins, ‘and’ shen Dah oe - breakdotn of the Grop occurs: 


Hes ue. Deteretieing the interna al | pressure of a Ligt Sain a ‘drop. 


The. lindting velocity. with. vhich. a aiog ‘is able to: move in the air without dis- 


eae 


aiitegrating, th adcoridance sith. (7 123), is-equal to. 


- Vo tele (72h) 

Here. u 1's. expressed in.m/sec, Of in kg/m; y in ké/n3, din m, and g = 9.01 
nsec? s 
| If fue discharges frou a direct-spray injector into still air, then the break- 
down of the stream ‘begins when the pressure of the fuel feed is approximately 100 
kn/en?. . After deterrining the discharge velocity from the equation (7.8), one may de- 
termine the wale of the diameter of the larger drops which may be formed during the 
disintegration of the strear., from the equaticn (7.2h): 

bag : (7.25) 

Besides the larger ivoaa? a multitude of much smaller drors will be created in 
the dispersion jet (see section of this shaoter}< 

_ Centrifugal injectors dis perse a fuel better at significantly lower fuel feed 
pressures than do direct-spray injectors. 


Streams of a liquid, moving simultaneously in axial and tangential directions, 
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ever thinrer, and finally, after losirig its stability, breaks dow into individual 
drops (see Figure 112). At lov streer. velocities relative ta “he air {u€it-15 7,'sec), 
the treakdovwr. begins at a certain distance fron the ingecter (as i: 
high relative velocities, the breakcown sets in right at the c.il«t edge of the i-- 
jector nozzle. Ir vhotozrapns of snrouds, liquid braicos, unich ene.rtass the scovz; 
cone aleng its circumferz.ce, are seen. The disinte-rcating sore, ecne treans dor. 


inte these braics which in turn ditluterrete irte cencrate drens. 


mt). < tn :° ‘. - Svc Poe rey oye yee = nyt, fe eee .* aa 3° +f 
TGs ACRE OGEre. Ol Vee Gan wer ay cee Tore: Vary Maen eee ita: bag a ei 


ra] 
5) 
2 
of 
we 
x 
‘ 
‘ 
ae 


stream, snroud or otuer dress, may not be presier tha: 
the formula (7.25). 

The drons that are formed pilsave under the acticn of tne force of surface ten- 
sion, taking a fors, now of an elongated, tnen of a flattened ellinsoid. Only in the 
first approximation maya lrop be considered as spherical. 

Examole 1. Find the maxim dieneter of a drcn of kerosene thet is formed Sure 
ing discharge into stiil air if the fuel feed rressure Pg = 1C rp/om, %, = 1.27, 


and Ve = 815 ke/n2 


| ee = = 93-10-68 = rl cris 
rPeA Zale 2-300 000- 1,22 


Exanple 2. Find the lirating velocity in relaticr to the air during vwhien a 

pemuktecciien Sipeste o u 
100-micron drop of ceruserée disirtegrates, if the tervernbere equcis 15°C ani th «ir 
pressure is 1 abs. atn. 


According to Ficure 126 the surface tension of the kercsere at 15°C ic 


o = 26 dyne/cn = 0,0026 kks,/r ; b= RN = ae =122'5 12,977 


The liritins velocits is found accordin; , the f formula (7.2!% 
at Se Dd _9,8-0,0026-14_ 
a = eS . ve 
is ) Ted =i “T22-100.10-6 8 oe ee 


SECTICN 4. INJECTOR DISPERSIO’ SrscTAs 


The distributicn of a fue? esceruin: to the -iee: of tne drone ! 


TS-970/¥ 217 


Gisrersion gpeckrur OF ar. Pee ; Layers Sen, Sgectre Fe: Deu eo PeNRE OL exceri- 
env. ‘ ‘bari be the , deberiinatdn of “the Aispersion soe pectnky the drons: are orndi< 


tionally, divi dod inte seperc @ CoepSs seuorsting bo sizes (tate ee for exar ple, 
~ fron, 0 to 20 idierons, tron ae o LC rx For Sy “tror 1g te 60 5 Sicrens etc, to the 


_Aosttig Craxdran) dianeter deed. the overalt vetgnt of a drop 6 < and. . the absolute and 


re) 


Pvieenaiens 


e “@ iG aes 
Rowe ho ae 4 Medes  s =i 


oe 


A dispersion spectrum.is exoressed: in tie form of a gragh, on ine Lerigental 
axis of Watch is plotted the sizeof’ the drops and -on the vertical axis is olotted 
either: the relative ieimit perteritaze of the drops. whose. dizeters are less than the 
size wiiich 4s plotted along the: ordinate ads | (igure. 11), or the relative woight of 
@ given. group of drons (see: Figures. 125, 12k. and 125), 

The. numbers, cited in Table 7. hy indicate thet the ‘erops,, the diameters of 
which lie: within: the limits of 60: to 80. niéroris > form every second 12 grans or 203 of 
the total weight of drens, -and the drops with a diameter of lees than 80 microns forn 


24.8 grams or 62% every second. 


Table 7.1 
INJECTOR el ai (DISTRIBUTICGH OF DxCPS 8Y SIZES) 
vs | Got» pare 
microns na| gr/sec eG | Glerfsec| ~¢ * besrrionsll 
: 0,8 & “0 : 1900 0,96 
2 4 10 08 | 1 354 1,0 
@ 8 20 4,8 | 9 153 1,2 
80 12 x0 12,8 | 6 8 1,285 
100 7,2 18 24,8 | 9 23 0,6 
120 4,8 12 32,0 | o 86 | 0,33 
3,2 8 40,0 3,8 | 0,185 
ad eal vee Se] PS ee 
r | wer] tos | — | 10 | 2596,1 | 5.2m: 


The xn wowledge of dispersion spectra is necessary Sor the stud; of the evacorae 
tien and combusticn of the drons. 


If the weight of the drczs, the diancters of which lie vithin definite 
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‘Writs, is Vrovr, then ib is oéssiile to find the number of the drezs and their 


total surface. If tha weight of the group of drops is. equal te 3, and their average 
Mivaneter-egual. to Ger, then the weicht of one drop is equal te: 


| The Surface ‘of one ‘drop is. ecae ee 7 
. a ef? , (1428) 
"aig _ seedy A ae 
‘The nurde? of drops is. | : 

| =. ; (1.29) 


The total surfece of the. drops is 


e tM 


Pa 


; Ps BAO Pah a ‘ vi e - | - i 7 . 3 ry 
If, for example, d,.2130 microns = 1074 1, y_ = 50¢ hefm"?,. enc 3. = 1,4 


2. 


‘the number of dross is: eee id See +239 billions; 
pe numer groos 2S a= 3,14.600:10-8 39 billions; 


and their total surface is 


aoe 
OO Ty MO 80d 
| 


Figs 119. Dispersion from centrifugal injectors. 
ASSure,, 
7») @ e+ edian dareter (Long- 


be ed: limiting diameter, 7 == median diameter {forma (7 h0)7. 


Knowing. the spectrum of dispersion, it is not difficult to estimate the 


4 
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’ 


‘Rone nunérous than groups of Langer drops, nee sign nificantly greater welg t, 
im i i ee 4 


- 


‘Thua,. ‘tor exampre, she: nunber of drops waich are 1es$ than 2Q sberons,, tr the exarp ze 
in: ques stion,.- conprises 1, 900. ,900,000, Lees 708, of the ‘total nunzer ox “the Greps.s and 


SEOs TE 


at. the same tine their we! i aht is. equal to. of of the total veig ght, ana their surface 


#§ Y1.5¢ of the total surface. 
Rs: the finenéss 6¢ a ‘dispersion is char racterized by a certain dimension. 


6 $2 PE ; ye ro 
JWarious azthors aelect differe:.t naramsters for this 


p 


sa ion ; 28 a 2 e . 1 + 4 : 
Giangbter, of wach 50%. of the. overal. mass of the drons is corprised, 1$ talei the 


. 


fed tian dlemeters In. Figur re 119 the median : diameter when p = 18 ka/em? ds. = h2 po 


In foreign Literature the so-called Sutter or Zauter average diameter (abore- 
viated SDS) is gcdentea be characeerbze the fineness of a dispersion.” 
aittonterieanes di ametor ii a to that diameter which drops of an identical 
\ 


size would have if their total surface > and total weight. = d} wonld be the 


ae 
‘game as those in a strear: composed of drops of various. sizes. Consequentl:, SP5 is 


se. he es re es (7.32) 


The nlon-uniforaity of a dispersion. k.is characterized oy the ratio of the true 
a G2 r ds Une ° 


number of drops n to that number ng which. vouta ‘be obtained if all the particles had 


the same: diameter, eqial to. the SDS: 


In the, ‘xarplé,. analyzed before: (see: Table 751) + 


oo 


60 _ 60,00 See ee 
ae es “900-5,.2 sa ala ea 


60: _" 6:0,040. 108 _ ar 
: ag “300 58 =0,486-10 = 486 . om. . 


‘Soriffin, Bi. "Atomisation | of Fuel Sprays" Engineering, he¥i T, 1952, vol. ahs 

‘No rs ‘H510.. . 
‘Longwell, Jay "Szhiz zaniye ahidicikn tooliv" [Conbustion. of Liquid peal Pron, 

the. bowk: Combustion: Processes, New Zork,, 1956, , = 


» 


. er ma 
x ” 
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SecTlon Ge EXPERIMENTAL RESTARCH CF DIS SPERSICN SP SCTPA | 
The dispersion Spectra of céntrifugal and spray injectors ma; 
by means of exoeriments. The most widely used are the following methods: solidifi- 


cation method, absolute method, imoression. metnod, colorimetriz _mebaod, and an osti- 


The solidific cation ret Rethod the at is used, for @examole in tho + work of Ckair ant 


tadcliffe, is paced upon ne fast that the density, viscosity, ans surface tersisn f 


ij 
*$ 
wD 
- 
i 
G 
cr 
pe} 
yy 
o 


some substance in 2 molten state may be the saz2, at an increased venperatur 
of the test. fuel during normal temperature. For example, the physical parameters 6f 
melted paraffin are Close to the parameters. of kerosene av roor. temperature. Such a 
molten: substance, discharging from an injector,, will be dispersed the same as tne 


test fuel. Falling into the air, the drops of the melted pnaraffin are cooled and 


solidify, preserving an approximately spherical shape. The ‘solidified drons collect 


Fig. 120. A series of ‘screens for sorting ‘solidi ied drops. 
A) Strainers; B) 100: and. more fee 


and are sorted through a series of screens having various sized meshes. The sorted 
globules are weighed. Through the finest screen, having a size of 20p for example, 
come all the solidified drops with diameters of C to 20 M3 through the next. screen 
cone all the particles with: diameters of, for example, 20 to LOpeetc. To accelerate 
the process, all. the scréens are placed one atop the other (Figure 120). The widest- 
meshed: screen is: placed on ton. ‘The deternination of the dispersion svectrum is. ac- 


ry 


complished by weighing the sifted particles remaining or. each screen and those passing 
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sarotgh £0. the pane east 


fe F Ags 


The® ‘drat-back. of this: solidi ficatio 1 Rethod is ‘thet it is. s cifficult. to Select 
a 1 substance, ‘$he physi eal pars eters of | which ‘ta. a molten state usa be sufficiently 
eloée to the fuel in gues’ tion at the reovired. ‘conditions, the teroefature of the fuel 


exerts rt : raterial influence ugon the character of the disnersion and. upon subsequent 


is ot ee to 


evaporation. To ‘Investigate the influenée ‘of _tenperature upon. dispersion. it, is néces- 


sary to ‘ehoosé ‘such substances) hich ines 8 molten. state, would have the same physical 


we oe 


paransters as would the fel: in duestion ? = a given succéssi on of tonoerat CUPres 
This ts usually énty “successful “ithin a narrow temperature interval. ‘therefore, tc 
expand the aveas of research, along with the solidification method. one must ‘use other 
methods. to investigate the dispersion. 

The. absolute method’. consists of en trapping the drops in a layer of a viscous lic 


> 


hd itt which thiay do not mix anc which fails to dissolve then--glycerine for. exaniple. 
The drops, stuck in the glycerine, preserve their soherical forr. Their dimensions 
‘are neasured under a microscopes The draxbacks of this absolute method are, first, 

its difficulty, and second: -- the specieets ‘obtained do not last a long time. 


Legend: 

A) Injector 

'B). Dispersion: jet. 

C). Apertare 

D) Slide plate. 

=) Plate with a laver 
of magnesiun . 


Fig. 121. ‘The investigation of a dispersion spectrum by the imoression. method, 


The insression: method includes thé capture of the liquid drops ina substance 


in-which noticeable traces remain. To obtain the inpressions, the drops are captured. 


on -asplate which 4s ‘covered with a layer of naenestun or carbon black. Falling -o 


4 Se 


‘these cover snes) the drops inprint their traces which may be examined and comouted 


igder ‘a. mdcroscope. The dimensions of ‘the: impressions are not equal to the dimen- 


‘sfors:-of the drepai The rélatdonship-betudedi the -dlenéter of the impression and 
‘the dianeter: of the drop is“determinéd by means of a special experiment by vhich:. 
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7 ; size 
: . a ve s et ay et aa! », ae ws a . Loa a Pree og 
crong, the dimensions of uich ars deivvnined ©; the absolute metnec, ane entrances 

© ri ” ‘on = 
on tae layer, .- 7 
yee oe obs * oes Nghe nape aes FY Prana -“ 45 , yrtn~ 
In order that the impressions ef the.drops zu nob overics che anot her Gur. oe 
the tnvectieeticr a7 the dkesersion, the aaras strites the clers for 4 rite ees 
tee SISO Rave S 7% whe ANE ve SECH y vk SEG Pein tele Wee sete Se bedi ball @ 
m5 q 4 a Stel” Haye Sb tar ne 2.43 aa (OS pone EES oes 
This tine is ‘set, for example, by the moticn of < slide plate (Figure 121) with « 
eat. Ae he 4 SES AS Alichl wed tn, - 
slot-or Sy a.rotating disk with a slot. 
caleulation. c a 
eon yet Be at z 
Larz g and fits sueing. 


A) Prining funnel 
B) Rotating. disc. 
Cj Filter 

): Injector 
3) Collecting trays. 


UES 


=O 
www 


Fig. 122. The investigation of a dispersion spectrum by the colorimetric method. 
o IC cole aj n€ 4. nes “18 3a ad 2 the use af the fast 1460 4 1a i) bas 
The colorimetric method is based on the use of the fast that wit a cons tant 


oN 


pressure ful feed and a very narr 
zontally-mounsed injector fly f 


jector is. Located horizontally above 


urther 


dispersion angle, tne larger drops from a hori- 


thar do. the Si end y or es 


a tray vweich is 


‘, 
oriented at a risht angle to the axis of the spray. A predetermined amoun* or the 
fuel in question is. poured into a groove. & color is added to the fuel to be aton- 
ized. The greater the watehe of tne drons that £411 in one or anotigk grocve,, the 
wore intensively the Liquid will he ealored ir +4, Te intensity of. the color is de- 


terrined by a colorimetric method. 


one or another of 


r 


coated with magnisivn oxide ¢ 


gr 


tne grooves is. dets 


experiments have show that in.-each er 


dimension of the group. 


Not one of the: above-described 


PaTS-9740/¥ 


and measurin 


The dianéters of the drops of fuel which fall in 


orminsd ks covering the yreever wits a plave 
* tha dimensiens of the imeressions. Similar 
oove fall only those drs.s determined by the 
methods is used for vhe study of the dispersion 


223: 


tesperatune ‘that ais “gto se. ts ‘their “soiling terpersturs. Ore 


captured, a signif foant portion of thon 2 WLI ba able Lo aveper rate. In this case oncy 


an’ vootiteal. sethod 4's suutables — _ 

ae ee it ee _ : - a : - 7 

eo The. epti¢a? rothod us‘ dy, for examols, in. the. work of Tick. anc Richtin,- cemsises 
of photographing ‘the flying drops with the aid of a-camar avag an adjective laiis- 


” 


with fine. depth. definition, . The Piehoaeante at the aetee eee Sees are ex- 
andined and measured under @ Wacroescope. The distortion of the sizes of thé crops at 
varying cist 1025 , fron: the ers introduces a Consideratle error in at. Srna faethe. 


UENCE ‘OF 


Mz INEL THE 
MISPERSTON AD Tu 1g 


© PHSTCAL PARAMSTERS OF THE LICJED AND TSS ADL Cu THE 
PORE. & HS: SER. * 


For # given injector, & given fuel fee sd: oressure, and constant velocity, ores- 
sure-and terserat ure of the. air, the fineness. of a dissersic on Gevends upon the vis- 
cosity, density, and surface ‘tension of the guid. 

. Experinents have shows that during an. increase of tne viscosity, tne disper- 
gion spectrum increases on, the side of the larger drops (Figure 123). Not only does 
the average diareter of the drops inercase during this, but the largest diame eter 


increases. s sharply. and the relative content of the larger ‘drops. become more ‘signif-  - 


i anes oceurs so slowly that these nroc- 
esrpe may not successfully be completed. in the combustion i ry ranjet engine. 
The presence of ‘the. larger drops may be ‘one. of the reasons for the incompleteness of 
the -combustio*} and ‘reduced’ efficiency of ramjet engines. Therefore, atomizing a 
diquid having a high viscosity is not recommended. 


i The. influence of -vuhe viscosity upon the atorization of a fuel by centrifugal 


injectors, apparently, 1s dependent on its. influence upen the thickness of the 2 Squid 


ieee Seis ee nozzle (seé Pizure 111). Hith an increase 


Triokh, . 4.3 as Siehicina, 10. Sey "Sredniy diareter képel! ori raspylivanil 
tooliva. Lease cocci forsunkari., " Ai Averaze Diameter of a Drop during Atormiza- 


tion of @ Fuel by Centrifuzal. Injector si gbeplocnereetiss ae NO« % 


b “ 
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Of viscosiinx, and-dua to the ners ease of feietion, the. uxist fohay 
less,; the. tangent’ fat velocity, decrea sses, and. the thickiess of the. spray cone, and _ 
Boe atsas of the drops that forred: inéreases . | 

To Andreae the atonization of puch Wiscops Tigatds as ciesel fuel, solar o2l 
fursived, naptha: or fuel okk, these are ‘pre-heated ‘since an increase of ter. -neras 
ture. decrease’: the viggoaity. 


The influence of viscosit. at room temperature (t = 20°C) upon stondzation is 


seen from the corparison cf Fizures 123 and 12h, in which the dissersicn spactre are 


plotted of a safe diesel fuel and of a Vieht lubricating ofl. These liguids have al- 
most identical surface tensions (23 and 32 dyn /em) anc saterkally 4 ifferent kinematic 


viscosities. (1,8 and. 32 centistokés):.. Experience sncvs that an increase cf viscosity 


7 


alters the: form of the dispersicn spectrum, increases the SPS, increases the size of 


the ‘larger dropsy, and increases. their ‘cont tent. Therefore the transition to a more 


viscous fuel for the sare other parameters will ‘be accompanied by a deterioration -of 


the dispersi »n and the evaporation of the drops, which causes. a decrease in the cor- 
pleteness of the combustion. To increase: comdusticn. during operation. on. high-vis- 


‘cosity fuels, it is necessary to increase the temnerature of the fuel or to decrease 


Legends 


A) Volumetric content per 
micron. in .% 

BY Velocity 2lieh afte 

C) Velocity 15.2 m/see 

a 3): Diameter of the drops 
ree ae in je 

diene Hes vie i 


Fig. 123. Atorization spectra of diese” fuel. 


™ 


the discharge onenixg of the injector, simulturicousk reising the fuel feed pressure, 


or. to lengthen the: conbusti M1 ZO'iey, or % vo augnet tie dis Sversion rate. 


9n% 


with: an. Ancrease of surface tension, as seen fror fornula we 25) , the quality 


of the dispersion deteriorates. Tae effect of surface tension on disper ‘sion is. scen 


. 
¥ 
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Legend: 


a) Volunstric content 
"per ricron. in 4 
)) Velocity: hel: n/see 
C) Velocity 15.2 n/see 
D): Diareter of the drops 


, Auénerp ‘eae be By Bnd 
Fig. 22h. Dispersion spectra of a: light lubricating oil... pie ee Ng 


fro a ‘eonparigon of ‘the dispers Lon: ‘spéctra of a safe diesel fuel and ‘eater (Figures 
223 aiid 125);, which have similar viscosities (148 and 1.0.centistokes): and. smatersatly 
different surface tensions (23 and 73 dyne/en). 

_ kn. increasé of the drop: ‘diameter occurs. with: an intrease of surface tension in 
accordance “with: the forrnila (7.23)« Itis appropriate to riention ‘that the ‘surface 
tensions of hydrocarbon fuels: have similar values (Tadle. Ts 2). Therefore, the change 


‘of the: dispersion spectrum une the. transition: from. one. fuel to: ancther is usually. 


ipeoee 


A) Volumet-ic content per 
micron. in % 
. B) Velocity 2.4 2/sec 
- C) Velocity 15.2 m/sec 
| dD) Dianeter of the: drors 


ite 5 D): Aheseme wean tie 
Fig. 125, "Dispersion spectra of water. 


‘Tho. componsation for the. negabive ofivct. on dishersior: ot the surface. tension 
Ray be effected: in the same way as for that of increased viscosit:, i.e. by heating 
the: fuel (Figure. 126). 

The density of a fuel Viz as one may: surmise, must also have an effect. on the 7 
fineness of a dispersion. For other conditions being équal, if the density of the 
fuel increases; the inertiess of the drops: Increases and the: dispersion must, detérior- 
ate. : | | | | 

With: an increase in the relative velocity Woes other conditions being equal, 


the aerodynamic forces which act upon the stream: increase, and the fineness of the 
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ii spersion grovs. How the fineness of 2 diss erSiOn | iner ases aur uring. an incréase of 


Table ? 02: 


SURFACE TEBTOY Bw D PESCOSITY oF ceaaty Y ELQULES 


‘Benizine 1% | os. |: me cm 26. 
Kerosene . is | oss | 15 | B66 
_ Mater 2° |} ij00 | aor. f 73. 
; Safe. diesel fuel 20 0;87 =i 4100: ; B 
taene lubricating oi | 20. | “0,88: } 32° af 32 
‘oe 0 | oe: | O79 | 2.9 
2 


Bthyl alootol | om | 10 | 2s 


the: relative velocity from 15.2 to ‘hie hy. n/see is.seen in Figures 123, 12h and: 125. 
It is ‘seen that ‘the lower: the: relative velocity, the more noticeable will be the ef- 


fect_of the viscosity and surface ‘tension upon dispersion. 


Fig. 126. “the ee. of the sperensuare of ceréens and benzine upon: tenperature. 
ae. "a ee. liquid ‘phase, b. -~ vapor phase. 


kg*sec a) Benzine: 
mn 1 = = 98 poise B) ‘Kerosene 


. The air” pressure also has an effect upon the fineness. of a dispersion. With 
lowering of the. pressure, the air density ‘decreases, Hite toe aerodynantc forces: 


diminish, other: conditions being ecual, According to certain data, dispersion de- 
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‘eriorate 2s ith a decrease: or Bressure, and the average, drop Sterstens erOKS o* The 


“eftect ef r athosphedte reg 


sure _t as0n dispersi ony is “sho: wn. in: Figure Wr. 


“Legend 


A) Pvoze in ima of. mercury 
B). microns: 
a riaiaal pl average Gianeter 
2): @aynes/éem 
8) e/o? 
_. G): ¥eentistokes. 
' H) prheptane: 
« I):ketosene. 


eben ft): 260: ane 204e. | m briexehe oe 
. oe — w ah 
a4 rg rin 
Be. ty The ef fect, ‘oF “Tinos oP ‘pressure upon dispersion. by a pneumatic injector... 


the” lairterserature also. must have an: effect upon: the fineness of a dispersion 


e : a rature ‘increase,. the ensity of the air decreases and the. 
(ein 128)... Kith temperature 4 ». the density f th ir de d the 


mic. forces. dirdnish, owing to. which the: dispersion. must deteriorate. We do 


‘not. ‘now of any actual experiments that: confirm the effect of air temperature on 


dlopersion. - is Epc 


py 
| 
~ 
‘oss 
y= 
‘a. 


ves 
| . 


(aT 
ToL 


mi: 128... The: dependence of the paroxeters of ae ait upon the: temperature. 
Aerodynanic forces influence. not ‘only the: fineness of a dispersion, but ‘also 
affect. the. configuratt on of the ‘shape of the jet, 1 ee » the forn. of the. drops’ bra-. - 
Jectory in ‘relation ‘to. the. stationary walls of the ‘combustion chahber (Figure 129): 
The. greate: the density of the. liquid, the diameter of the Urops , and their initial ve- 


“nedrevzviniteurtner ¢ the drove, wa21 deviate fron the arin at a seven infeetor spray cone 


TWernes, Fe ie and Henney, Ye Bs » ‘Behavior of f Sérays under “ie Aititude con- 
ations," Fuel, vols 3, 1953. can nity 


PAD Dlg “2 x 


ee | ery .:) 


angle. and the Ve the Gi sperSion see Meek be. The greater ‘the density and, nee 


of the’ ate, ‘the faster the: - dnéps wi i11 lose. their velocity, and. ‘the narrower ‘the 


ersten, jet wilt te. The greater thi selocit; y of the air, the faster the . drops sill 


be. brought together in a “flow Hy: and the j harrover will ‘be the dispers sion. jets 


- 


# division of drops according to. size occurs. during the operation: of a centr*?- 


Sige? injector in an ait streak. the larger drops, catch hay ea certa! in tangential 


‘ou 


velocity: at the bréakdovn of tine shroud Wy ew sin §, deviate further from. the iajec- 


tor axis than Ae ‘the ‘sraller asese whieh nave thé same tar ngehtial velocity (see Figure 
129). Brops, the | dkatieter of hich. s. les eon 10 By. lese their initial velocity au 
a distance of Bterd fur ther than several r, ri.llineters fron: ine injector, and continue to 


frdve- togetier Wa ith ¢ tiie ‘air, taicing pert. an the ais turoulent novenent. 


For an Snérease of flight altitude, if the ach number iis: constant, tne pressure 
and density of the air in a combustion chamber diminish, the :dispersion deteriorates, 


and: the ‘dispersion. jet breadens owing ‘both to the increase of the drop diameters and 


é 


~e, 


to decrease in air density. Me 
The number of kilograms of air, which pass htough a. conbustion chamber every 
second, diminishes ‘proportionally ‘to the decrease of air density Yj during an.increase 


of fiight altitude, if the Mach. number is constant. Ir. order that the composition 


ee 


of the mixtire-in the combustion chamber remains constant, the. fuel feed. G:.must 


diminish in direct prosortion. to the decrease in the density of the surrounding air 


\- 

G=ky,. 
If the fuél-feed-control, variation with altitude jieccavrs od Gutsgnie by changing 
the pressure Pp » then with an ieehcone of fight altitude, the discharge velocity of 
the fuel. will decrease, and the sinilar pressure rere in the combustion chamber 
vill be accompanied by a deterioration’ of the dispersion, an increase of the content. 
of the large drops, and a decrease in. the conpleteness of the combustion. Hf the al- 
tituce. -control is accorplished ‘by changing me number of injectors, or the cross-séc- 
‘thon of the ‘inje cctor, for a con stant fuel feed pressure, then for an inereade of fliz¢ht 


altdvade ant a decreasé of ‘pressure in the. combustion chaitber, the dispersion will de= 
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terforate cause of tk we chen: ein the air density. Rut the cLepersicn jet will 
widen ‘et a ‘conistant Cis soharge velocity 50, that. ‘the largest drors. wilt be able: to: fall 
to. the walls’ ot ‘the. chambers 


The changes in the fineness of dispersion and tas dee oop Figuration,, restltins, 
a eo : “ee 


from the altering fight altitude, mst ‘be take: into account “in: the: designs. of ‘high- 
aatitude chawbers. 


Fig 2295 fe ae aet (trajectry of th the. dropst ay. 
@ and b <= injection with the meth c and d <--injection. against tne fiow. 
sacTion Te FORKULAE FOR COMPUTING DISPSRSTON SPECTRA. 

“Not one of ‘the. irivesti gations of atomization resultirs fron theoretical under- 
standings stleceeded in obt aining calculated formulae whitch. agreed with. the: data of an. 
‘experinent. the fumerous -énperical formulae proposed at the present time are. usually 
‘aultable ‘only sdthin narrow confines. and. coincide poorly with the experinental, re- 
sults that were obteined ‘by other authors, 

Ke Ge Blok: atid Ye. Si ttichicina, having investigated the dispersion spectra 
of ‘antritugel injectors by optical method, suggest the following eriperical formula 
to: comput e the relationshts bettieen the median dianeter ‘of ‘the. drops and nv nozzle- 


dlaxeter of the céntrifugal injector: 


oe oe fa poy ate 


rN eee, 
: 


.: ‘A. is the georetr£é ee teas af the ees, which is determined by the 


‘foriula (2: 5) 


i “Paranéter II considers the quality of: ‘the: fuel: 


—| 


(73h): 


ig the density of the fuel in kg/m; 


PN TSN ee aes eee ee ee 
+ 


is 2 Pee ae + . lo. Sa 2 

Hh, 15 the dynaric viscosity of ‘the fuel in ke set rs 

6 € the surface tension. of the Mavid in ke ny 

eo -is 982 i 2 

g is 9.81 m/sec“. 

The Reynold's number is deternined for tne conditions which corre spond to ‘the 


discharge from the injector nozzle: 
Rex Were | 
. &%. .! 
‘The number of drops whose dizmeter is greater than .d is determined by the . 


formula 


wal = Te 
= aee « a) a (7635) 


‘The ‘parameter n = 2.0 to.2.5 is Gcsanlent: ‘on the: construction. of the injector. 
J. Longwell. suggested the following: fornula to compute the median diameter of 


the drops. that are formed. during operation. of centrifugal injectors: 
9.7%, 


. a 0, S2e:' 
fe Pan = (7.36) 
The. relative content of the drops. whose diameter is greater than d is equal to 
oie... om ees 


In these formulae: : 
a is. the kinematic Viscosity of the fuel (fron 0.08 to 0.8 en? /sec)3. 

« is the dispersion angle of the injector; 

P, surplus pressure of the fuel feed (from 3 to. 22 ke/en*) by 
e is the empirical factor of areeniert ty, which is dependent: on the mediari diameter 


© dn, (Figure 130)... 
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“hen d'= G,, Ba © Snax = C5. “ith an inereese of «, the dispersion becomes 
more even. 

Lonpvell's forrula dces not consider the surface tersicr of a liquia and the 
naremeters of the surrounding air. The georetric characteristic of the injector is 


taken into consideration only ©, introducing sin *. 


) 

5 

& a) fopowes coMece_ 

= ur>l00 Cc 

a3 8) Bosdyx er 

3 “yi — a ») 

85 opwvee —— 

Q Q) Bosdyr SE 

= ‘ Dd) Cuecumens 

3 100 200 300 400 500 

O)Cpedwud duamemp xaneno 4g a 
Fiz. 130. The denende ce of the Fig. 131. sScnenmatice 3f p:cunetic injector. 

uniformity factor upor the average A) Fuel mixture; 3) Air; C) -uel; 
diam>ter dp. A). Uniformit- factor; JD) Mixer, 


B) Averzge drop in diancter in fe 
Apart fro: direct~soray aid certrifugel injectors, there exist also pneunetic 
injectors in wich the ‘uel atomizczion occurs durins tne interaction of une fuel and 
air streans. Air and fuel blend in the mixing chasber and cischar.e throug. the care 
nozzle where the velocity of the mixture increases to more then 10C m/sec. (igure 131). 
Pneuratic dispersion was investigated by Nukiyana ard anasaway who suggest the 


following forrulae for the calculation of Sutter's dianeter dg and the dispersion 


Spectrum: — 0,45 1,5 
— 36 / ao  tooov, 
. w <.+597(3 =) ( Ve , (7.36) 
rs 
a. (7.39) 


d 
d,, and d, are the mecian diameter and average Sutter dianeter in microns; 
w is the fuel velocity at the injector outlet in relaticn to the air in m/sec; 
@ is the surface tension in dyne/cm (fror. 19 to 73); 


Ne is the viscosity of the fuel (from 0.C03 to 0.5 pcise); 


P, is the density of the fuel (fror. 9.7 to 1.2 gr/er); 


Ifanasaxa, Y. On the Combustion Rate of a Group of Fuel Particles Injected 
through a Swirled Nozzle, T. R. Tohk, Univ., v. 1€, 195k. 
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Vy and Vg are the volumetric flow rates of aiv and fuel wich pass wiroas: bhe i jectoz, 
hecerding to the forrule (7.39) one ray Ceterrine the relative aistrituticn of 

| 3 o e 

the drops in 2 given measured group provised that it is narrow. Por example, the 


relative Gistribution of drops with 2 size from dy, to dp is equal to 


e Cy 
—5,7( “cp 
Gared. _oge (<2) é ( ?) dy— dy : 
G d. dO 
where dg, is the average diameter fcr a given grouo: 
_ Ate 
Rape | 


7 45,000, ther the second terr. in the forrula (7.2) beccres nez-igihly 
siall. 

A detailed experinental investization of atcrization ty the solidification nethol. 
was introduced by \. %. Strulevich. The processing we did of his results srcwed that 
the fornulae of a primary dispersion, suggested ty Blokh ara Kickkins, Lengvcll, anc 
other authors, expressed the results of the experiments with an exactress i:adecuaie 
for practical computations. 

The experinents on atonization of Strulevich, Giffen and Kurashev, Garner and 
Henney, and others my be best. apressed by the empirical formlse shovm below, 

The ratio of the average drop diameter to the injector nozzle diameter is 
directly proportional to the product of the sun of certain functions of the surface 
tension and of the viscosity of the fuel and the flow rate of the injectcr, an‘?! are 


indirectly proportional to a certain function of the dynamic head during the rot.on 


of the crops in the air: 


do a Hee 
anoan V/ Pa (7.0) 


where oa 2h dyne/cm and Vy = 2.0 centistckes is the surface tension and kiner.atic 
viscosity of kerosene at 20° C; 
oO and », are the surface tension and viscosity of an atoné zed fuel; 

M is the Mach number of the movement of the drops in relation to the air; 

p, is the air pressure in mr. of mercury; 


n, m, and A arethe dimensionlesc values which are determined exnerimentally. 
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= J PE: ‘the: date, of Strulevich: and Giffer: cne may finds 
ane A077; MeO ASS. 
othe number of drops, “the: alaneter -of “which, ds ieee than dy. is expressed eparoxi- 


se a 


rately ye “the: dkstribution formula ‘ 2 a i 


ake 


° the:a results, of the dateulations:. are , coripared: with: the expeririertal data of 


Struleviicn th Fig ure, 119, & arid, be The -revidts af the calculations are cerdared with 
eae By : on : * 


the: sata of | Giffen: in ‘Table 13 


‘DEPE: NDEWICE OF THE NECTAR. DROP DEAMETER- cH THE PHYS SICAL 
PARAMETERS OF A FUEL.. CENTRIFUGAL 1 INJECTOR WITH de = 1 mm 
AND. fs? = 0,22" 


Kerosene e ~ Piabrtgatine’ | | | Hater - ; 


; wdynefen ll |] 


V.centistokes 18 2 J. 2,01 
(ae hed 0;77 086 10 
“w 152 M4 | 15.2 26,4 | 15,2 te 

(Gcleacok microns| 123 60.5 | 296. 192 | 192 126 
a ota microns| a <r 


"the discharge coefficient ‘of the injector, ‘used: in Giffen's experime ents, is 
not :known.. Ke. aeuned that fora usual centrifugal injector he ® 0.22% 
SECTION. 8, THE. EVAPORATION. OF AM: ATONIZED FUEL 

- Drops of a. fuel, moving. in the air, evaporate. ‘the inves stigation. of the prob-. 

lem of. the. evaporation of. movirg’ drops represents a highly complicated ‘task, ‘since 
during: this process the: diameter ‘ot ‘the drops, their tenperat ture, relative velecity 
of : motion; the: saturated vapor tension (pressure) » heat transfer coeffi etent "I and. 
‘even, the. tenperature difference between the - surface. of the droos and the ‘surrounding’ 
aig “change simultaneously. Attempts to express. the drop, evaporétion rate as: a. “funetdon 
of tbe “initial tenperature, of its. dischal ge velocity, and: of the par areters of the 


surrounding flow in ‘the form of a ‘closed syster of equations have: not been’ surcessful 


a ‘to ‘the présent ‘tdme. ‘The ‘solving of this. task is usually decoriplisied by a nethod 


FoaseMtiO/" 4 a | 


of " nurerical. znt esta ati CN. 


_The evaporation speed: of e drop dis deter maned’ by the sapere of f the Tea Et sion of 


the: vapors that. forr. on its. surface into the sutrouding air ’ anc by the spded £ the 
heat. transfer frori the surrounding oe sir as the dros (Fieure 132). = 

| The flox ot a diffused substance, considering the: convecticn tra psfer, ». ig @x> 
pressed by Riki's, equation: . . 


0s tems Dyemdpte fe. (71a 
Here q,, is the flov rate of a. substance diffused through a unit of surface for a unit 
of time, in Ka/sec. n*;-- “ 

D, is the diffusion coefficient relative to the pressure gradient in ni/ bette 

w. 45 the velocity of thé vapors. which leave the surface of the drep in m/sec; 

4s the pressure of the saturated: vavor at tne surface temperature of the. 
‘drop. in: ke cc (Figure 133}; 

p is the terperature of the Vapor on the aronte: surface; 

grad p is: the pressure eradient in. the boundary layer of the ‘@rop: in ke/m. 


ON) ipa neue Memnepamiyp: 
mond > eee 29a duenma 


a: : Legends: 


A). limit.of the tenpera- 
ture. gradient. , 

B): Ponetration limit of 
the-‘vapors. 


| nponunnodenus napob 


: ae 
Figs 132. Schera‘ aie, of the. evaporation and ‘cooling of a drop. 

The mndinus" sign shows that the. flow direction of a substance is. in the direc- 
tion of decreaséd pressure. 

During the evaperetion of a drop, the transport of the vapors that. are forned 
is accomplished by two different processes: by their ovn diffusion, isesy by the 
movement of the molecules of the evancrating substance between the molecules of the 
surroundihg air; and by the convection: trensport..of the vapors which depart ae the 


drop. with a speed of We, 
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: , 7 
SE or ae, i doy ‘eaffusion velocity 2 BS > 0 


See For ay low conreetiion velocity. wick: 0: A 
ea Re rae ea Ga=—D, grad'p: : . . 
* thie etfruston. -coettietents, may ‘be calculated ‘on, the ‘basis of moleculerekinetic 


-‘conalderattons' or may be ideterstned by an a “experinental methods 


“the diffusion. soetficient ee a sdiven n wobetance in the air, Das. depends upon, the 


aie 
oy ? 


Aciperatire anc pont the ‘pressure: 


: "D=D,, ak = (7eh2) 
where Bo is: the diffusion copftivten’ ehet p = 760: Ma. of mereuiry and 2 = 273°, For 
bentine. po: = gli +1079" fi/seei for kerosene Doo. * 3. 10° 2 n/sec., 


Adth an. increase of pressure the diffusion coef i¢ient diminishes,. and with an 


ay 
ai 


Ancrease of ‘tenperature it. ‘dncreasess ; 
ane. indleater ay lies within. thie following limits 
j OFSZa<: 

‘Gener: ally speaking, ‘Rhea surface. terperature: of a drew is s/not equal to the tem- 
perature of the surrounding aire. Therefore, evaporaticn. is gees by a heat 
exchange: the temverature of the evaporating drop changes. The speed of the heat 
éxchange, or thermal flow. Qs ih the absence of radiation, is. deterndired by Fourier 


oe ; | 
= = herad’ T+ dats AT. (Te43) 


where X is: the heat conductivity of ‘the gases that surround the: drop,, in kcal/m sec 
“degree; | 
eatin r is the tenpersture gradient tn the boundary liver of! the drop in degrees/m; 
| ~ is the specific cheat. of ‘the vapor at constant ‘pressure in keal/«g,. degrees; 
at, ‘is the texperature increase of the ‘vapor in the boundary layer of the ce 
tne Srdnust afgn. indicates that the ‘heat flow is tp the direction of the lover 
tenpevatars. Chie Se ee 


"Heat, trenseisaion is carried out ‘by: means of Various processes: ‘by: agans of, a. 


heat, ‘transfer ‘due to fox of a substance, and oe weans of heat cere gens to 


A) DP mer pure 
yD: ae 


Legend: 


A) p in -mm of mereury 
B) Benzine 
C). Kerosene 


x 


, i 


7) 
Fig. 133. The saturated vapor’ pressure of ber:2zine and ‘kerosene at various temperatures 


Las , 
ae ow 


molecular collisiéns. . 
“If, the.-heat. conductivity: 4s low -( A -%-0)+. then the heat. transmission will be 


carried: out only by. convection: | - 
i iy ae oe eo : = GalahT se} 


If ‘the temperature increase of the vapor is insignificant A Tp: 230, then 
Gem —Agrad-T. | 

The temperature. gradients and woneehevations at various points. of the boundary 
layer of a drop are not alike. The determination of the true value of the gradients 
‘T and p, at various distances from the surface of a drop which is evaporating in an 
air stream, represents a very difficult. task vhich has not been successfully solved’ 
in a basic form up-to the present. time. 

To obtain the ‘numerical results the true value of the concentration ahd tempera- 


ture gradients, are changed to average values: 


grad phils. gad T =k (an) 
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Heré ‘pp is the: piepeure of She tepor 9 n the ‘dropt's. surface, ; ecual to saturation 
pressure at x Aenpereuka ot ty 


PR ete Rr ere the fuél Vapor in the air at.a great cisténce fror 


| “the drop ee - 
$p.4s the charactericcie depth of the layer in which a notice able change of the 
: . " partial pressure of the vapor occurs; 2 | 
: Ty isthe tenperature of ‘the drop's surfaces 
tis the air terperasure; 
‘Sr is the depta of the layer, in which the terperatur c a 
According toa proposal of De he Phank-Karenetekiy, the aréa of gas around 2 


drep, in which. ‘a change in. the: concentretions of the vapors snd temperatures sc-urs, 


is. called. the. ass suclated film. 


The thickness of the ‘associ.atec fils is deterrin red experimentally frem the value 
© the heat of mass transfer. : 

In the theory of heat transfer and diffusion the transfer of heat and substance 
issaiachedl chasse ckandiidiosaaiek wasadibsacdias and indi- 
cated by the symbols Mug arid: Nuge | | 

An attempt to find Nusselt's number thecreticalty: » for an evaporating drép, 
by ‘aiialynin0¢ Athe. processes thet occur taethe ovundary layer of a drop, was made 
in. 1947. by the Aradendéian L.. S. Leybénzon. 

The. dependence of Nugselt's. nunber upon. the physica? ‘parameters. and relative 
velocity of ‘the flow. is usually deter mdned by means of a generalized large quantity 


of experinental daca. For this Husselt's number’ is expressed by Reynold's number «. 


; qj, Longwell, Sthigent e@ “Ds dete: Topliy ; ‘Gonbustion of Liquid Fuels/ from the 
book. "Combustion Processes," New Lordy. 1 Soe : - ; 
Ne. Pe Tverskaya, Ispareni iye. Padayustiche;, Xaoli: /The Svaooretion of a Pa ling 
_Drop/5- _ Transactions” or au /ueningrad ovate | University/, physkes series, “1919, 
Vol. Redonaver and D.. I. ‘Polishchuk, Ispareniye Kanel" Vody ./Tna Evacoration 
of Water Drooss ante /Journal.. of Technical ‘Physics © e+ a perigdical/, vol AGiI, 
-Assve eB 1993s —" . ae 
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‘The therxal efiterion of tay Es expressed Ear <prubov's formula tich Re > 200s. 
eae Pe 8: | (1oh5) 
Ne=24016/R Re’. : ae vo ae 
hen’ ‘Re < 200 the criterio On. oe is expressed, by ; Sokol! si nly "s forauler 


tha OER | (Tali) 


Ves Re * 200, 4 the etiterta bags - det termined by Vysuboy me and. Soxol'skiy's 


. 


a 


forcudae, Goinelide: - = 0) 5h veo ons 200"/3 3 = 266 : 
‘The Reynolat’s number for & eran, , wach is. moving in, the air at a relative 


velocity of w, W121 be 


¥ 24.  gRTr. ’ (Tek 7) 
ty fe % oe. 4 o oe a : - 7 oe 2 
where. Wis the viscosity. of the airin ke sec/m. 


If the thermal criterien: Nup is known, itis possible to deterzine the heat 
transfer coefficient 


Na (2alsB) - 


where dy, is the dron diameters 


A is the average heat conductivity factor of a mixture -of the vapors of: uel 
with air. 
The flow of heat, i.se., the amount of heat, which is transferred in a «nit of 


time--per:-uni-t--of-surface-is: - -- 2 
P 


fo qgeQj- T= Bo Mt 7-7) (749) 


~ From this " ; 
Ne (1:50) 
In this way, the thickness of the associated film is' less, the greater the 
criterion’ ‘Nap. » ises. the quicker ‘the ‘taerral transfer takes place. + 
The last equation may be considered for the determination of the thickness of 
the aeséclated fin. 
‘During evaporation in still air v= 0; Re = 03. according to. Sokol! skiy's forra 
a | OT. 


:. ‘ we 1 : 
La a = & and: dy * Tu “3 -- the thickness of the masOtEAued film is. equal to the 


rediug of the drop. At limiting velocity (before the breakup of the drop) ening 7 


: Dee tn accordance with (Tels). 
ya 2 
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Reagan Soeatie. — Dada Ga 
(] e 


Nusselt's number Nu and the traisfer factor for drovs flying in the air also 


may not exceed the lizitins valves: 


Negge, 0,54 V Repc, =0,54 / Pte <10, 


wo Nemes gu ren 
*upes ye oa 


hith an increase of drop diemeter, the relative thickness of the associ:ted 
fils. decreases. ‘hen Ty= 288° % and d = 200 fs i =O,l, In this way, tne relative 
thickness of the associated filr. for various sized drops wich are roving av various 
velocities, lies within the limits: 0.2 <i < 0.5. 

If the effect of the convection of the flow is not taken into aecccunt during 
diffusion and heat transfer, then the processes of rass and heat transfer vill be 
sindlar to one anotner. DSuring an increase of the relative velocity, w, Zeynoid's 
number -- Re and Nusselt's nu~bers for heat transfer and diffusion, Nup ana Yup, will 
grow. 

If Nup is known, it is possible to find the flow rate of the substance hy: 


fa=? (P.—Pe). (7.52) 
The coefficient of mass trausfer @ is: 
pa 
de ' ; (7 053) 


D, is the diffusion coe ficient, which is relative to the pressure gradient; 
d, is the drop diareter. 

The drop obtains a portion of the heat that is required for evaporation from 
the surrounding gases and a portion from the substance fron which it is comnosed. 
The thermal balance of the drop is corposed of the following quantities. 

The heat, which is required for the evaporation of a mass dr. = q,sdt, during a 


small increase of temperature between the surrounding air and the droos oo Ty is: 
10,,=ldm=Iqsdt. . 
Here £ is the heat of evaporation during a temperature of 1, in kcal/kg; 


2 
s is the surface of the drop in m*:; s = dy. 


FeTS-97h0/V 2h0 


cy is the dlereter of the arop in hs 

dt is the tine interval in sec. 

The heat, which is released by the rass of the drop, is Ac, F Cy TTY. 
Here rm. is the mass of the dren in xz}; 

Ce is the specific heat of the fuel in a licuid phase in kcal/kg deg 

aT, is the terperature change per dt tine in degrees. 


The amount of heat, that is obtained by the drop fror. the surrounding gases in 


the absence of radiation, is 4Q,=2,S (T,—7,)dt=q,S dt. 
aeeording to tie law of tie conservebion o: cuerzy ; 
4Q,.= AQ,— 4Q, ; (7. Oe ) 
or : 
; em dT, =9Sdt~ Sat. (7-55) 
The speed. of the teeeree change of a Pri is . 
+ Mla S— ,— la.) = (e— Mah, ee 
lr ae ae 


If the temperature of the gases is hizhe> tne the ten, erature of the Grom 
Ty > Ty, and a, > leg, the drop will be heated. 

During evaporation the dia aneter of a drop decrecses; sizmltoneousl the rela- 
tive velocity and the terierature of the dro, the vapor pressure at its surface, 
the Re nunber, the up and Nup numbers, ad the nass transfer coefficient f chanre. 


A combined analytical solution of the emations for the diffusion, heat trinsfer 


| and movement of the drops, moving in relation to the air is difficult to effect. The 


| problem of the moveme::t, evaporation, end cooling of the drops which ave formed cuving 


the atonization of a stream of fuel is usually solved by neans of numerical integration. 
Similar calevleations show that-the higher the initial temerature of the drovs 
Tk and the corresponding vapor pressure Py end also the greater the initial velocit;:, 
of the fuel and the lesser the drop diameter — the quicker evaporation oecurs and 
the quicker the temperature of the drops changes (Figure 13):). 
The greater the flow velocity, the faster is the drop transported b:r the asbi- 
| ent air, and the faster it traverses a given distance, Consequently » with chenging 
| flow velocity, the quantity of vapor, forming at a given distance from the injector, 


| changes but insig:ificantly for drops of a given sizo. 
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Within a certain tine interval, the surface of tse drop acquires a temperature 
rey at which the amouct of heat, obtained by the drom from the si:rrounding gases, 
2comes equal to the amc--t of heat that is necessary for evaporation. The drop 


erperature ceases to change: 
¢e=lan, Tx= const. 


The equi libriw:. texperature at which the quantity of heat «hich is required for 
vaporation is equal to the amount of heat that is obtained from the surrounding zaSy 


S called the equilibrium isothermal evaporation terperature. 


-g- 13. The. dependence of. the paraneters of ‘an Piscean drop upon time. 

The lesser the. initial dianeter of a drop: and the greater the saturated fuel 
apor pressure, then the quicker evaporation equi Mbrium sets in. 

The temperature equilibrium of a drop Trav vas determined by Fuchs in 


33h. From the therma]. balance equation (7.58) when aT, = 0, we obtain 
a le 
N 
. tea Tyadm=—220-10p,—p.), 
“on this, when pes =0 and snail differences of t = Ty: 
2; Ne 
Te se Pw _ (7.87) 
the equilibriun texperature is alvays less than the air tenperature. the dj (for 
ce of Ty - Tray is directly proportional to ‘the product of the heat of avanerstionl 
‘mes the diffusion factor Dp & and the’ saturated vapor: pressure, ana inversely propor- 


-onal to the heat conductivity of ‘the rixture’ ‘af friod vapors with the air x 


iM 


15-970 2h2 


For the develoonent of the forrula for the texpersture of equilibriun evavera- 
tion, the effect of the convective flow upon the transfer cf sass and heat was not 
taken into consideration. at hish air texperatures, a convection flow noticeably 
increases the transfer of mass anc decreases the flor: of heat. Therefore, the true 
texperature of equilibrium evaporation (Figure 135) aosears tc be substantially less 
then that which the approximation equation (7.57) gives. To determine the tempera- 
ture of equilibrium evaporation of kerosene when Ty < 300° C, it is possible to use 
the saiation (7.57) with a sufficient deeree of accuracy. 

Durisg aeasoraticn in the combustion zone (Ty a 1C00° C); the temperature of 


equilibrium evaporation of the dross asproaches the bcilinz point of the liquid with- 


out ever reaching it: Tpsy < Trap: 
, r . “Cr ~ ~ ad a > eee ee 


° 
a OES 
4 
sa fou 
7? fe 
“a 
ee 
° 
e - 
zi 

' 


' 
_ 


for various air terperatures and pressures. 


Calculations show that the evaporation process of the drops occurs at high 
‘Pelative velocities on the curvilinear portions of the drops’ trajectory (see Figure 
129) and ends in the combustion zone. The evaporation of the drops at low relative 
velocities, on those portions of the trajectory «hich are close to rectilinear, pro- 
ceeds less intensively. ven 


Examole. Find the air terperature at which an evaporating drop of benzine will 
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maintain the temperaturs which the fuel had in the tanks: Tyg, = 15°C, if ny = 735 
p ‘of méFeury = 10,000 kg/m’; A = 0.02 keal/hr m degree = 5.6107 keal/sec m degree, 
t Nup 
=. 2 610°? m/sec; 1 = 80 keal/xz; = = 1. 
Ds. l /sec; fi é tap 


3 N 
- Aecording to the formula (7.57): 
. (D, Nap : g 
To= Thin + at ai = 154. et eee -- 8PC. 


SECTION 9+ THE EFFECT OF THE PARAMETERS OF THE FUSL AND AIR UPON EVAFCRATICY. 

An entire series of physical parameters influences the evaporation of ator zed 
fel. We will consider the effect of each of then separately, considering the =n 
sian constants. 

16 The Geowstey of of the Injector. Centrifugal injectors disperse fuel better than 
do: dtvect-sprey Anjectors< By. a.decrease of the: outlet injector nozzle diemeter and 
by’ an: Anerease: of ‘the ae the: ‘spray cone. thickness dininishes, the fineness of the 
aria As Angee ‘thea dispersion. got contracts with a decrease of the drops! maxi- 

fhe Fuel Feed Pressure. By an increase of the fuel feed pressure, the relative 
velocity of: the ‘discharging stream increases, the fineness of the dispersion increases, 
and'evaporation is improved. The jet broadens at first and theri narrows, since the 
increase of the speed of the drops is offset-by. the decrease of the diameter of ~ 
the largest drops. 


Viscosity and and Surface Tension of the Fuel. An increase of the fuel's viscosity 


impairs the twist of the spray y and increases the spray cone thickness. The force 

: which is required for the disintegration of a drop increases, This, along with tho 
increase of surface tension detrinentally affects dispersion. ‘Tho diameter of the 
drops. increases, the ‘jet widens, and the evaporetion rate cecreases beceuse of the 
increase of the average drop disneter,. Therefore, the atomization and evanorabilit:, 
of kerose: my are inferior to those of bonzine. 


Fuel Vapor Pressure, ‘ith an increase of the volatility of the fuel, i.0.,. 
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with an inerease cP the va.or pressure, tru presscare gradiclt in “Une toundarys la; 

of the droo increas2s; the mass ‘ieneren increases and siasorabniets is §rproved. 
Matcazed‘bonnine-eveporates quicker than kerosene due to its greater vamr pressure. 
‘ dent of - Evaporation of the Fuel. ‘ith an increase of heat of evanorztion, 
evaporadility decreases. 

The Temperature of the Fuel has a decided effect upon atomization and evapor- 
ability. With an increase of its own temperature, the fuel's viscosity and surface 
tensicn dininish; therefore the fineness of the dispersion is increased, the diamete: 
of the larger drops Gecreeses, and the cissersion jet nzrrovs. The vapor pressure 
and the enthalpy of the fuel grow, while evenvoravilit;; augments owing sotin to 
imroved dispersion and to increasing mass flow caused b:; the growth of pressure 
gradient. 

‘During the heating of the fuel under pressure in a fvel syster. to a temrera- 


ture which exceeds the boiling. pots in the coxbustiion charter, the drops, during 


flight fromthe injector, boil and evavoraie te ae of their internal energy; 
evaporability rises sherply. When T,. - —- the drops evacorate comoletcly. 

The Specific Heat of the Fuel. If the fuel terperature is higher than the 
equilibrium evaporation temoerature, then by an increase of the specific heat, evapo: 
ability is improved because of the increase of the enthalpy of the drops. The grovtt 
of the drops’ specific heat lowers the evaporability. 

The Velocity and Pressure of the Air. With an increase of air velocity, the 
relative velocity of the drops increases, dispersion is improved, and the dispersion 
jet contracts. The drift of the drops with the oncoring flow increases. The evapor- 
ability of the fuel at a given distance fror the injector increases. 

The Tem emperature of the Air. bith an increase of air tenverature, its ee 
heat conductivity and density are changed. The speed of the heat ‘trahsfer to the: .. 
drop ome because of the grown of the temperature gradient and the evapcrability 
increases. An increase of air. tenperature exerts a substantially lesser influence 


on evaporability than does the sare increase of the fuel temperature. 
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Figs 136. The variation of the vapor concentration end the excess air coefficient 
alonz the axis of the jet. 4) Licit cf the Cissersion jet; 
3B) Vor; C) relativ. roe 
The vapor, which is forred during the evaporation of the drops, intermixes with 
‘the surrounding air. Therefore, with an increase of the axial distance from the edge 
of: a ‘single Anjector the local concentration of the fuel Vapor at first z rows bee 


cause of thie growth of. the: evaporability of the croos, and later vegins to dirinish 
because: ‘of the: turbulent intersixing of tne fuel with the air. - 


perience: shows that: the total vapor concentration and the drop-liquid fuel 
acentration dininisties in dnverse: proportion to the: distance fron: the injector 
(Hawe 1%), and. that Consetuently, the excess air coefficient gros in direct pro- 
portion tothe distance from the injector. 

That: portion. of ‘the jet. where the concentration of vagor hss a value that is 
host. favorable. for combustion, is the most suitable for the location of ignition units 
‘and: stabilisers. 

The Concentrations become sind lar along: She. entire. ogeimstion chaiber -_ 
ata sufficient distance from the injector due to turbulent intermixing. The concen- 


tration profiles may be calculated theoretically and investizated by an experimental 
nathod. 


SECTION 10, THE EXPERIMENTAL DETERMINATION CF LOCAL FUEL CONCSiTAATIONS 

. To measure the total concentration of the liquid and vapor phases of a fuel, a 
saxple is taken by means of a tube, the plane of the inlet opening of which is situated 
perpendicular %o the strear. lines (Figure 137). The speed of sampling mst be 
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ecual to tne velocity o. an undisturvec flow er else the ratic detveer the 
“qoantity. 0. the aix dram: in and the-general masy of the drops entrained will 

te aftiet., If the velocity of the sample cra:n-cff is less than the velocity of the 
flow, the air strear. lincs at the inlet of the intake tube will civerge. A porticn 
of the air will flow inte the tube along the walls, but the cross of the fuel, which 
are driven almost rectilinearily by their inertia, will fell into the tube. In this 
way, if the ‘ : speci nf-the. samplios.nrcration is less than the velocity cf the flor, 
ealnost all the crops from. the strear: tube will enter the sampling prcte, (the cross~ 
section of the former veing esual to the intake suve inlet) and onl: a fraction of 
the air will penetrate from the strean tube. The fuel-air ratio in the drar-off 


sample will be greater than in an widisturbed mi-ture. 


og: -, ? 
a “Ta wes OC) 
Fig. 137. The selection of a sample of the liquid and vapor phases of a fuel-air 
mixture. 


&) Yvkh = Wy3 >) With < ¥ys ¢) Wkh >Wy 
If the speed ef the sanpie ebstraction is sreater than the velocity of an un- 
‘disturbed flow, the relative amount of liquid fuel in the selected sanple will be le:s 
than in az undisturbed flov since a portion of the droos which are contained in the 
abstracted portion of air flow arcund the sample probe (Figure 137c). 
‘Mitecequality of. digavevosities of sampling and of. an undisturbed 7 
flow is obtained by throttling the inlet onening of the wearmpTing tube in such a way 


that the static pressure et the inlet to the Sarpling tube Pozyg Is equal to the static 
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pressure of an uncisturved flow: 
Pots * Ph 
To sample a sixture of fuel vaper with air which does not contain drops of 
liquid, the plane of the inlet opening of the sampling tube must be situated parallel 
to the stream lines (Figure 138, tube b), to protect it fron penetration of both 
Lthe fndividuel ‘drops carried along by the flow and the liquid film which forms on 
.the surface of ‘the tube. itself, 


& foprosee " 
|» 
w, Legend: 
. Vp A) Mel 
B) Injector 


Fig. 138. suatias of the fuel-air Sate. sf ’ 
To entrap only the liquid (free from vapors) the ssapiite.: tube is vlaced with 

its: inlet opening perpendicular to-the flow. The drops, beccuse of their inertia, 

will penetrate the tube and settle on its walls (Figure 138, tube a). The finest 


(micron-sized) drops will pass around the tube, moving approximately along the air 
stream lines. However, the portion of the substance carried along by these drops 
is not large (see Table 7.1). 

It is necessary to teke special precautions in order that the liquid settled 
which has penetrated the tetiapl ing tube is reasured by a burette. 

The contents of the vapor and liquid a of the fuel in the sempied por 
tions of the mixture after complete evaporation are detertined by a method of gas 
~ analysis (by means of an absorption or electric gas analyzer) after having been di- 
luted with a known quantity of air and burned in a catalytic furnace. 
“Without the investigation of these concentration fields it would be impossible 


; to study the processes which take pieee in the conbustion charbers of jet engines. 


i 
. 
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SECTION 42. THE CALUULATICN CP LOCAL CONCEUT AS Tics 

On the basis cf the forezoing deliberaticns about the ccrfiguration of & jet 
and abcut the evassration of the darcps, moving alerng their tailistic trajectorles, 
one may first of all consider the lecel cencentrztiens of fuel rixtures which vill 
take place in the separate zones of conbustion chanters. Calculations, corroborated 
by test, shor that the concentreticr zones of fuel in the areas of the stabilizers 
are not sirilar. This circunstance presents the possibility of e corbustion charter 
operatir: in those cases when the averave comecsiticen of the mixture lies far telow 
the linits of lez: blow out, since the mixture cn the sides cf the flancehelacr i: 
re-enriched dy the fuel. 

To determire tne local concentraticns, one is recuired to carry out the diffi- 
cult computations of the trajectories of the evasoreting droos and their evapyoradili- 
ty, and to take inte account the mixing of the vaocr formec witn the surrounding air, 
and elso the nutual overlapping of overlapping. jets from neighbering injeziors. 

As the first approximation for the solution of the prublen covering the dis- 
persion of a fuel which is sprayed into an air flow by a single injector, Longwel} 


1 


and Weiss” consider the injector as a point source of matter that is diffused intc 2 


turbulent flor. 


The diffusion equation may be described in the forn of 


e . to 
deen ete), (7.58) 


f 
where g is the local concentration, or fueleair ratio, i.e., the ratio of the veizht 


of the fuel to the weight of the air: 

: ae 
e aL 3 
¥ pis the density of the fuel vapor in ke/n7; 


— 
—s 


Gy, 18 the flow rate of the diffused matter in kg/sec ne; 
D, is the turbulent diffusion factor, relative to the concentration gradient in 


n@/sec. 


1 
J. Longwell and ©. A. Weiss, Ind. Eng. Chen., vol. US, 1953, €67-676. 
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The work of Longwell and .eiss presents a soluticn to the differential eque- 


‘s, tion, ‘recorded above, ‘for a point source of fuel at: zero-relative valocity:. - 


“ x 

| G Dex 
° yaa é 

ef. 


Lf 


ae 


U 20.1. IDcx (7.59) 
x is the distance fron the edze of the injector tc the secticn of the corbusticn 
chamber in question (Figure 139); 
R is the distance from the injector axis to the point A in question in meters; 
Wand Yyare the velocity and density of the air in m/sec and ke/n?} 


Gg is the fuel consumption in kg/sec. 


A) fopmvee 


. Legend: 


4) Fuel 

B) actual concentration 

C) concentration according 
to Longwell's caleu- 


. QuAn os . a 
> —-— Duceam nonuénmpauuu nononebenny D) without consideration of 


o ———_—— »—— e3 ywema 
“s nepemeu.ubanun 


Fig. 139. The effect of turbulent mixing on local concentrations. 


The equali:: (7.59) shows thet the axial concentration of the fuel imzediately 
dovnstrear of the injector changes in inverse proportion to the distance from its 
edge. This conclusicn is supported by experiment. 

The decrease of the concentration in a radial direction is 

% - ; 
JS u(L) — - 
a ey [ees wxis7 (7,60) 

Eaiypeosing on: fron -the-fuel~air. ratio Z to -the -excess -air-coefficent , A, wo: 
obtain : Ci 

1 SN ic é (7 61) 
(a 
If the distance from the injector nozzle x is greater than the maximur. width of 


the jet, and is calculated withcut considering turbulent mixing Rmax (see Figure 138), 
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and ‘the fuel is dispersed and evazorates well, then the formula (7.60) offers re- 
)sults which are close to the true concentrations. For smal] distances or during poor 


dispersion, Longwell's formula offers overrated. aicial- eoncentrations. 


Legend: 


0002 
us A) Inclination 
600K B) axis 


The dependence of a calculated concentration upon the radiz? distance R is de- 
‘picted in Figure 10. The concentrations comouted from Longweli's formula are cori- 
pared in Figure 139 with the experimental values, The "bumps" on the exoerimental - 
concentration curves (Figure 139) stipulate that the drops of fuel depart from the 
axis of a centrifuge] injector and enrich the peripherial areas of the jet. Only the 
micron-sized drops aia Vavors that are formed are pulled into the axial area. 

During operation with a pre-heated fuel that is dispersed into hot air, evapcra- 
tion is completed close to the edge of the injector nozzle. In this case, the con- 
centration profile of the fuel at a distance from the injector approaches that which 
Longwell's fornula gives. | 

The drawback of Longwell's theory is the circumstance that the value of the 
turbulent diffusion factor, which depends on the degree of turbulence, the nature of 
the fuel, and the temperature of tne flow (and is usually not kriown beforehand, ) is 
used as the basis of the calculaticns. 

The concentration zones cf a Single injector ray also be found by using the 


theory of a turbulent spray, which was developed by a series of authors and was 
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soneralised: by G iis abrerovich, 


tio outa be es 7 Of & arilent Bore of | Vapor.or 325, on. the Sveragerith 


copaet e ‘tine, An re sPOsented 7 in the ‘gurface ‘of a. eon, we eons ase or wintehe a, 


fine turbalones 6 (igure. 152)2 
tin 3. uahe =. | (4a6a) 


he: distance tron. she ais. 52° the. jet. to tho. ‘strean Downide asd ve is dinectly : prupors 


neroiises, with sherensing ihtensity of thet 


Lona. to: ‘the disterce: xX: fron + the injector nozzle edge: and the intensity . of: the: ‘tars 
lence: é se eres oe 
“the. ‘conéentraticn’ ‘along ‘the axis. of the det, : ‘Which is reasured: by ‘the. fuel-air 


£ ie 
atdo-@ 83 changes: in: Anverse srevartion me: ‘the: distance xe. 


Gh on ie a oe Tb): 
“Here: c ts 8: constant; > determined t¥on: experinenital datas. 


ie ue >. ~~ oe eal (t : CG). wJector 
Ze, pithy “The: hangs ‘of concentration With. distance 
fine. drop. of the. ‘concentrations asa. function of the: distance fron the axis of 


e jet. may. : ‘be: taprensed by the "three-halfs" basuld 


£0) 0-2) TSE oT 


ven Ra; Lan(L) shen Roky: Lt / (168) 


After determining the axial coneentretion (4), at a certain distance Xx from 
2 edge of the mnTerte nozzle, it is poset to compute the corcentretion at any 
int of ‘the jet A by | 
’ se : 8 
(4 | 1—(%)* 
ban (an oe 2 ex 


Pi 
@ ~(2)" | 7.66) 
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The: ‘theory of turbulent ‘sprays offers. thie ‘possibility: ‘to eiptess the: toca 


Sopeentrattne or ait excesses as. a. funetion of the. distances x and By | the. degree of 


‘tabula &, “and ony one constant: ¢ re witch, i's determined i 


aint ay ithe. fuel  cofsumption through a centri toga? injector ¢ = 10 er jsec. 


OT ee 
ae 


Pan 


Re 2. 20 th from. thie ate ans a exosszeaeidion Asedtod at a. ‘distane Be 200 on! fron the 


Angectory aif the degree: of ‘turbilence: € ho ABS 36 


anslronmat 


"9 fre Gas 


2%. ‘hbramavich, Ge Ves fitbulentaty re: ridin ata i _gezov, fh urbulent 
Free. Strears -of Ligui ey Energoizdat, ive ne bes 3 L945. 


i. Abranovich, Ge. they. 6a 
Dynamics. ‘of Air: 


3. Blokhy Ae G. and Kichkina, Y. Se - srednty. diametr_kapel! pri raspylivanis: topliva 
+sentrobezhnyri forgunkand 9: Pie Average Dis “of Drops During the Atoriza- 
va centrifugal Injector/, " Teploenergetika", 1955, Now 9. 


tion of a Fuel 


lk. Volynskiy, Me Se, O droblenii kapel' v_potoke vozdukha, [fhe Dispersion of Drops 

in an Air Stream/, DA /Reports of the Academy o Sciences/ of the_JSSR, 1918, 

* vol IXII, No. 3. Teuchend e drobleniya kapel' v cazovor potoke, [The Study of 
the Dispersion of z oy VOL XLVIIT. 


5. Kigi, V. R. and Bllis, H. H., Primereniye shliren-metcda dlya kolichestvernogo 
issledovaniya smesheniya gazov v struye /The Use of the Schliersr “iethod for 
the Qualitive investigation of the Mixing of Gases in a Stream/, Voprosy 
goreniya [Corbustion Problens/ » collection 2, printed in Foreign Literature 
Pub. House, 1953. 


z. Clair H. and Radcliffe, A., Pnevnaticheskaya | forsunka dl ra raspylivaniya vyarkik! 
feplty Zh Pneumatic Injector for the Diszersion of Viscous Fuels7, "Vai", 1 


_ NOe - 


7. oa Le Sey Ob sp arenii_kapel' v_ gazovor: potoke [the Evaporation of Drops 
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anike a frsogete 4 By yéronechan- 
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3 ot a 2 wooed 
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bein rary date: about fate, about. tee. ‘proceates: of  earbtati pained 


: < fhe shaibers, ad vied: are designed and constructed on: the basis of theoretical. 
Seas: ‘and? Galculations, are tested and: refined. on. special teat st 
“te teat larg 


acale ‘Gombustion chambers, which: require ‘hundreds of cilograns of 
“aie, and ‘tans: of | Klograns of ‘fual:. per ‘second,. powerful ari. Sapensive test stands are 


quired (Pi gure. 143) ‘The. powerof the: comp 


sors, ‘whieh. supply the. air that is.re- 


sins 


quired: foe. ‘the: operation of the combustion chasber, reaches hundreds of thousands of 


Mlomtte.. ~ 3 et ae Fe Magen 


eo Power line 
. > B)- Ade : 
i reservoir 


E) Electric motor 
: . Combustion vroducts 
G) seservele 
Fuel 


Pg, ae Renjet silage chamber test stand. M) Rchaust pipe 
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SECTION’ 1s, THE CLASSIFICATION GF COMBUSTION: ‘Ca MBERS 


or doueeis  elasat ication: 6f: eonbustiion Chanbers..does: not exist. 


i ma: ct =a may: be: aiviaed into subsonic Fanjet engine ‘conbustd.on né combustion chambers and 
supersonic Paget: engitie: combastion fe: colbastion Chambers. From'the standpoint of gas dynanics » 
supereonte coxbiistdon: ‘Chambers: differ fron subsonic ones. in that. the air flew rate 
through: the: combustion chamber of « supersonic Fanjet engine is limited. by the condi- 
tion: of ye dy. which). within: a: wide ‘Tange’ ‘of fuel mixtures, renains constant. A 


he venperature.: Warlation: of. the: combustion. sproducts. does not effect ‘the air consumption 
An 6 siparsonte: combustion chatber, ‘The air flow rate in:a subsonic. combustion. chan- 
‘ber: der ends: on’ the: ad eae 


: perature. ‘The stagnation temperature of the: flow at the inlet 


to- a wipabscitie ‘Tanjet: ‘engine: ‘Combustion. chamber ‘ig. higher than that of « subsonic 


ea Finan + 


The ‘treunstancs iaakéa ‘unnecessary: special: installations: for: ‘pre-heating 


‘the tusks 
‘The Combustion chambers of subsonic and supersonic. ramjet: engines-may. be divided 


into: sii gle-régine,, ‘which are intended for operation. within .a narrow. range of fuel 


wixtures, ‘velocities, air pregsures,. and: fuel flow. rates; and. into multiple-regime, 
which are ‘intended’ for operation over a vide range of velocities and flight altitudes, 
and consequently, over a wide range of velocities and flow pressures in the coxbus- 
tion chamber, fuel mixtures » end fuel flow rates. 

Combustion chambers may be divided into single-stave (Figure 1) and two- 
stage (Figure 145) according to the organization of their combustion processes. The 
fuel in single-stage conbustion chambers is fed into the entire sir flow. These 
combustion chambers are more suitable for operation on rich mixtures: & >1. In 
‘twoestage combustion chambers, the air is divided into frimanyvaguliseqandary flows, 
as in the combustion chambars of gas turbine engines. Fuel is introduced into the 
primary flow, combustion occurs at the most suitable composition of the mixture, close 
to stoichiometric. Later the combustion products are mixed with fresh air, with the 
idea of lowering their texperature to the required value. Two-stage combustion 
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@ intended-for ‘operation on: lean Kixtures: OS 2. Single-stage and tvo- 


wend 
ek 


bei of" the vortex type (as: gas turbine. engines have) or 


ho: 


Ee 


@ ty 


i 


ey y 


“ babi lasing: type: Vortex combustion chanbers may be used only in those cases where 
their Ganeter: is not too.great (not more than 300-00 mm). The utilization,as flame- 
holders, of impinging jets, ceramic wedges, ard radioactive combustion activators is 
also possible. 


Legend: 
Primary stece 
B) Fuel 


C) Secondary stage 

D) Combustion and 
mscing sone 

: 8) Injectors 

+ Qeevcyunu” O¢matunusamoow F) Flane-holders 


Fig: 1S. A diagran of a supersonic two-stage combustion chamber. 
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Spark ignition, ignition by an incandescent wire, and pyrotechnic ignition are 
possible: means of dgniting the toed mixture. At very high supersonic velocities, 
then the ‘stagnation temperature ‘of the flow is greater than the ignition temperature: 
Toe > Toa ‘ignition is possible by compression (Figure 116).2 


’ A) illiseconds 


ee pneumatic injectors are used to feed the fuel into the combus- 
tion chamber. Evaporative fel feed, in atiich the fuel before being introduced into 
the combustion chauber 4s evaporated in a special vaporizer and the forming 
Vapors.are mixed with the air, is. another possibility. 

ee ne ee os gombustion shane mbers ‘with gradual 


+ iewar pathos of mixing the fuel and the combustion products with the air. 


Theoretical calculations show that in the case ‘of. dnetanteneous-mixing when combustion 
terminates ata distance which is equal to the thickness of the turbulent flame 
front, a considerable decrease in engine weight may be obtained. 


SECTION 2. STABILIZING ELEMENTS OF A COMBUSTION CHAMBER 

A stabilised combustion chamber (see Figures 1); and 145) includes the follow- 
ing elements: 1) an installation for the introduction and atomization of the fuel; 
2) ignition unite; 3) turbulence rings (turbulizers); l) flame-holders; 5) mixers. 
heferd, U. F., Vosplameneniye gazovykh smesey impul'sami davleniya /The Ig- 
nition of Gas Nixtures by Sressure Tapeisee? 9 Celicetion Vo rosy goreniya /Combustion 
Problems/, Part 2, printed in Foreign Literature rub, House, 1953. 


eavery, W. He and Hard, R. W., "Combustor Performance with Instantaneous Mixing," 


Ind. and Eng. Chen., vol. L5, VIII, 1955, 163-1637. 
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‘The. design of the individual elesents depends upon the purpose and upon the 


Tet Te 


‘seceapeay | ing ne = Suall~dianeter Combustion chambers are supplied with 


oat large coabuistion chambers == many injectors. Injectors are selected s0 


thet over the entire operating range of the. combustion chamber, the local concentra- 
tion: of the ‘mixture Yeieing within the linits of combustion in the areas of the flaze— 
holders: The local: concentration. of the xixture is usually greater than the average 
Concentration. 

‘The injectors must be. 80 situated in relation to the air flow as to insure the 
best. dispersion, evaporation, and mixing: of the fuel with the air. In order to in- 
crease: the. otay tine: of. the crops in the space in front of the flame-holder, it is 


advantageous to install ‘thew facing the stream. At. very high flow velocities, the 


differences in. atomization as produced by centrifugal and direct-spray injectors will 
cease: ‘to‘be-noticeable. To increase. the vaporization. and mixing of the fuel with the 
air, it: ie: “eAvantageous to. Locate: be injectare in ‘the pgs velocity areas. 


rs fh apices @ cmabumisamep | | 


Fig. 1h? An external ae of a Pre-conbustion chamber sith a ring-shaped flame- 
-holder.. : 


The space between the injectors and the combustion zone behind the flame-holders 
de called the carburation sone. | 

‘ Vaporisation and mixing in the carburation sone usually do not end; therefore, a 
mixture, mcncheusgentoul in composition ant containing a significant percentage of fuel 
in drop-liquid form, penetrates into the combustion zone behind the flame-holders. A 
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heterogeneous combustion of a two-phase mixture, i.e., the coxbustion of a mixture 
which contains. both the. vapors .ahd.drops: of. a‘ fuel, takes place dn ‘the corbustion 
Chenbers of: ranjet engines.: 

The ignition units of a combustion chamber are usvally electric spark plug ig- 
niters. To facilitate the ignition system, end to increase the reliability of start- 
ing the coxbustion chambers of ramjet engines, the chambers may be supplied with a 
pyrotechnic cartridge with an electric squib, similar to those in the combustion 
chambers of liquid fuel rocket engines of the V-~2 type. 

To facilitate the starting and stabilization of the combustion process, the 
‘combustion chambers are usually equipped with a pilot light or preliminary combustion 
-chambers -- precombustion chambers and {lame-holders (Figure 17). 

The preliminary combustion chamber maintains a powerful, constantly operative 
jet of flame, which ignites the basic mixture. The precombustion chamber is located 
at the beginning of the main combustion chamber (see Figure lib). The inlet cross 
section of the precombustion chamber has a small relative value so that the velocity 
of the flow through the precombustion chamber is sufficiently low so that the igni- 
tion and combustion of tie mixture is reliable. One centrifugal injector, which 
gives fine atomization during low relative flow velocities, is usually located in the 
preliminary combustion chamber. The ignition spark plug is located in the same area 
of the ‘peecoabuation chamber, where there is a sufficient concentration of fuel vapor. 
The tongue of fleme, which extends from the precombustion chamber, must reach 
the turbulent sone that is formed behind the flame-holders. 

The flame-holders are usually manufactured from steel channels and are placed 
in the form of rays, concentric rings, or transverse grates (see Figure lkljb and 147). 
The use of: ceramic, quartz, and catalytic flame-holders is possible. 

The outside walls and the nozzles of supersonic combustion chambers are usually 
cooled by air. 

During the manufacture of the elements of conbustion chambers care ehould be 


Seken to assure that the chanber cross-section should not be overloaded, i,t. that 
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the drag coefficient t ‘shousd not be excessively high. an: inerease. in & increasés 
the combustion efficiency Yug ‘but lowers. the. pressure. thead: of the exhaust nozzle 


4 


and decreases the impulse of the exhaust gases. 
SECTION 3. A STUDY OF COKBUSTION IN A CYLINDRICAL ‘COMBUSTION CHAMBER 

The basic problems of combustion and flame holding may be investigated: wth the 
aid of an experimental device, depicted in Figure 118. 

Air from the compressors enters a Plenm or reservoir, the diameter of which is. 
several times greater than the diameter of the combustion chamber. The static pres- 


sure p in the plenum is close to the stagnation pressure pp; To reproduce the stag- 


nation temperatures which take place in flight during high Mach numbers, the reservoir 
‘ 4} — Ipyiwa nomen : 
- @ 
‘aoe ry) wanopoe 


Legend: 
A): ‘Pitot tube; B): ‘Spar: igniter 
C) Fuel . Sprays. D)- Air; 
3B) Flane-holder with pilot” Light ; 


F) Oxydtydrogen 
G@) Ar prehester ‘H) Thernoneter} 


Ras £40 6 Jemmanmscmp 1): Combustion. gone. 
Fig. 148. A ‘diagr an of an experizental constant cross-section. ‘combustion chamber. 


is suppl’.ed with a preheater, which is usually reoresented by a small combustion 
chamber, operating, for example, on acetylene and oxygen, on benzine and air, or on 
hydrogen and oxygen. The preheater contaminates the air with combustion products. 
One must tolerate this occurence. To preheat 1 kg/sec of air at 100° requires a 
thermal power of No = ¢, GAT = 0.2h-100 = 2h keal/sec = 100 kilowatts. (The corres- 


P 
ponding benzine consumption Ge is equal to G soos 2h = 2.3 gm/sec.) The cor- 


& Hy 
pressed and preheated air enters the donbustion lena a throttling orifice 
or nozzle (which, at the same time, serves to measure the air output). The combus- 
tion: chamber, represented by a cylindrical tube, is equipped with an injector, a 
mixer, a flame-holder with an ignition unit, and an exhaust nozzle. It is possible 
to reproduce exactly those conditions which take place in a combustion chamber at 
various altitudes by varying the temperature and pressure in the chamber To and po 


and by matching the diameter of the exhaust nozzle. 
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It is necessary to know the following values to judge the combustion process 


(see Figure 150). 


Logendt 


A) to the booster 
—— 3B) Vaned turbine 


Fig. 149. Schematics of fuel flow meters. 
a -~- venturi meter, 6 -- vaned flow meter. 


The air output is G,. The air output is measured according to the pressure 
drop a in a measured nozzle (or an output disk), the through section of which S) 
is known. From (2.49) and (2.7h) 


; 3 a+ ; 
a te |fe-)'-(e)*|2 
G,= OS Po y (4 —1) RT) \ &.Po1 ) Pot 7 


2 Vy Qgk _poSe (\)_ 
‘ cY k+l VR ° : (8.1) 


where Po) and To) are the stagnation pressure and temperature before the delivery 


noszle; 
P) is the static pressure behind the delivery nozzle; 
o is the pressure factor, measured by experimental method. 
Good nogzies have 0.99 < o.< 1.00. The rules for measuring consunptions are 
given in special wor:.s ee 


The fuel consumption is 6 The fuel consumption is measured with the aid of 


g e 
a flow meter (Figure 1),9a) or by a vaned flow meter (Figure 1)9b). If the absolute 
pressure drop in the flow meter is equal to Ap mm of mercury or 13. Ap mm of water 


and the cross section of the flow meter is equal to 
- 1 G = pSV gy, 1 bap, (8.2) 
where p- is the flow coefficient of the flow meter, determined by means of experiments; 


Y, is the fuel density in kg/m. 


Anakarov, A. N. and Sherman, N. Ya., Raschet drossel'nkh ustroystv /The Computa- 
tion of Orifice Plates/ Metallurgizdat /Metallurgical Printing Tousey, 1953. 
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Consuxptior is determined by the rotation speed of the vanes when an electric 
flow meter is used. 

The static and total pressures in the beginning of the combustion charter are 
Pa and po2; in front of the discharge -- p3 and po3; at the exhaust nozzle edge -- 
P), and Pol,’ The pressure is measured by means of static and dynamic tubes. 

The stagnation ratures at the combustion chamber inlet Tp) = To, (i-e-, 
temperature before combustion); after combustion they are T93 = Tog (i.e., before 
discharge), are equal to the stagnation temperature of the effluxing gases Toke How- 
avai, to carry out an exact reasurerent of the combustion products temperatures when 
the compositions of the mixtures are close to stoichiometric is (X~1) difficult, 
since the measured temperatures, which exceed 2,000° C, lie beycnd the heat resistance 
limits of existing thermocouples. The measurement of very high temperatures is car- 
ried out spectrographically, by a method of rotating the D lines of sodium. This 
labor-consuming method requires intricate equipment and qualified personnel. Ther -- 
fore, only those temperatures before combustion Tox are usually measured. The stag- 
nation temperature after combustion is calculated by the flow equation (2.h9), after 
measuring the pressure Po3 and P3 in the exhaust section of the combustion chamber 
S3, the area of which is known: 


es = att 
: . ogh, ti/ps\' _[Ps\ * |. 
ee) (ee 
The smaller the flow of gases through a unit of the nozzle through section 
Gy, 
Sy 
Pol,» the greater is the temperature of the effluxing flow. 


(i.e., mass flow is Cy, kz/sec n®) at a given stagnation pressure in the outlet 


Example. We will find the temperature of the exhaust gases, if the stagic pres- 
sure et the outlet edge of the combustion chamber P), * 1.02 kg/cn*; the total pressure 
Pol, * 1.06 ke/cn?; the combustion chamber exhaust section S), = 100 en®, and the out- 
put of the gases 0), = 1.29 kg/sec; the gas constant R = 29.5 kg m/kg degree. 

We will assume that for the heated gases ky -1.3. 


We find the stagnation temperature by the j'ormula (8.3), by substituting the 
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values with the index "3" for the values with the index "4". 


4 Tan oe t. 5 ( nw) ny er *t, 
me ema?) mee 


SECTION 4. COMBUSTION CHAMBER PARAMETERS 

Combustion chambers serve for the combustion of a fuel, i.e., for the conver- 
sion of its chemical energy into the enthalpy of the combustion products. The more 
complex the units for carburation, ignition, and flane stabilization, the more come- 
plete the combustion, but the greater the energy losses in overcoming local resis- 
tances, the pressure ahead of the exhaust is smaller, and the exit velocity andl jet 
thrust of the exhaust gases are smaller. 

In this way, the quality of the combustion chamber is characterized by two 


parameters: by the drag coefficient C¢ and by the combustion efficiency Uggs 


The Determination of the Drag Coefficient of a Combustion Chamber 

In order to determine the drag coefficient of a combustion chaxber C » one 
measures the stagnation pressure Pog and the static pressure po at the combustion 
chamber irlet, and also the stagnation pressure Pé2 directly behind the flare-holder. 
In order to exclude pressure losses which are produced by the initial heating, a more 
reliable measurement is carried out in the absence of combustion, but at the same 
Giow rate: as in an operating combustion chamber, During cold flow tests the air out- 
put is regulated by means of a bullet or valve, which is installed in the exhaust 
nozzle (Figure 150). : _ ‘Legend: 

A) Fuel 

B) Carbueration zonc 
C) Conbusticn zone 
D) Injectors 
S) Flame-holcer 


¥) Nozzle 
"+ G) Bullet 


Fig. 150. A diagram of the measurements in a combustion chamber. 
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The local drag. coefficient of the combustion chamber is found from the equa- 
tion (4.19) with the consdtlewation.of (2.67): 


Gn et ti thts ee ins, 3 
ar Sr hale ee 
y 2 _ +B) (8.4) 


Here: - 4P=Pe—Pas *(%2)=1. 
Only those pressures which may be ceasured directly are included in the forsula 
(8.4). 


The ratio of the enthalpy increase of the combustion products GAi to the 
chemical energy of: the.feal: G- Uintroduced inte: the. coministion: chhmber. ia callled:..- 
AA ebabystion.efficiency tea 


ee Gime tata) etarete, 0g.) 
where Oe is the average heat capacity of the combustion products in a temperature 
ratige. from 0 to To,3 
Cox is the average heat capacity of the air in a temperature range fron 0 to 
To 
The excess air coefficient X, is deterzined by the fuel flow rate into the com- 
bustion chamber and is set experimentally. 
To calculate the combustion efficiency, it is necessary to know the air flow 
Oy which is deterzined by a measuring orifice at the combustion chamber inlet, the 


fuel consumption G._, the cross section of the combustion chamber S3 or the cross 


9 
section of the cae nozzle S),3 and the static and total pressure in one of these 
sections p), and Pow» P3 and Po3° 

We find the combustion efficiency Ygg from the equation (8.5), after substitut- 
ing the stagnation temperature of the combustion products (To), » To3) from the equa- 


tion (8.3) in its ; ‘ 
2 ™ : o.46 Sa beast ra ren y [lz “er ee (8.6) 
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The drag coefficient U and the combustion efficiency on characterize the 
suitability of a combustion chamber to ocerate on a given fuel at a given air sur- 
plus, but not the quality of the fuel, since under corresponding combustion::oonditions 
any fuel may burn out almost completely. If the conbustion chasber is inadequately 
constructed, even a fuel like benzine burns poorly. There are cases known, when 
combustion chambers, which were intended for the combustion of kerosene, orerated 
poorly on benzine. This is explained by the fact that during operating on the nore 
volatile benzine mixture, the mixture ahead of the flame-holders arpeared to he over- 


enriched (X $1), but downstream of the flame-holder the mixture ration Seile 


ioe 


to 
decrease enough for combustion with the amount of unused air. 

The best combustion chamber would be one for which = 0 and A fhe 1. Such 
coabustion chambers do not exist. To increase the combustion efficiency, the com- 
bustion chambers are equipped with mixers, flame-holders and other units. These de- 
vices, which serve to increase the combustion efficiency Lee" usually increase the 
drag coefficient of the combustion chamber C. In designing combustion chamters 
one should compromise by striving for a ration between Ve and C, at which the | 
specific air impulse of the gases, which exit from the combusticn chamber at a given 
mixture composition, appear to be the greatest. 

One cannot find analytically the optimum ratio hetween i and C because of 
the impossibility of establishing a single-valued analytical connection between these 
values. Therefore, the problem of the optimum arransement of a combustion chamber 


must be solved by an *xperimental method. 


The Determination of the Air Svecific Impulse 


The ratio of the thrust of a flow, which acts in the exhaust section Sy to the 


air output is called the air snecific imnulse: 


L=>, ° (8.7) 
A force, which acts in any section of the flow, as is known, is exvressed by 


the formula (2.76). For the section Sy, 


F-TS-9740/V 267 


Pes - Bm SF ps7 8, (1+b0R). . 
- Cemstaientiy, ee sus, 3 


Lam PE (14 em I + AM. | (8.8) 
faring dischargé-with:a-eritionl ‘watbisty | . 
gn et Tu 


M, * 1, the critical specific eir impulse I, .. will be equal to 


8 =p Fle =py/ Rh 
lace Peet) BY 4, +8). 
Considering that a. we obtain 


at) 2 tte 3 (8.9) 

The ratio of the ‘eu specific ixpulse I, to the possible maximum with a given 

fuel Inex (when € = 0 and Yug = 1), is called the impulse efficiency Nj: 
wi. (8.20) 

The impulse efficiency, which is dependent on losses from incomplete combus- 
tion and from local drags, characterizes the perfection of a combustion chamber. 
© and Woe must be such ro that Ny 412 be maximun, 

Example 1. Find the drag coefficient of a combustion chamber ¢ if the pres- 
sure at the inlet p.. = 1.80 kg/cn2, and po = 1.72 kg/ cn?, but the pressure drop 

Ap = 0.29 kg/cm? « According to the formula (8.h), 


\ &—! U es 1 
» Pe 1-(2 wy 1,41, 1-2" 
va 


Buamle 2. Find the combustion efficiency Y ag» if Gy = 2.3h ke/sec, S), = 130 
en®; Pj, = 1.006 kg/cn?, Po, = 2 067 kg/en*, Gg = 71 e/sec, To, * 435° K, H, = 10,300 
kcal/kg, and L = 14.9. 

We will assume, that for the heated gases kg * 1.3. The enthalpy of the air at 
the combustion chamber inlet ip, is found by the i-T diagram (see pone 93); 4 
118 kcal/kg. 


According to formula (8.6) the completeness of combustion is 
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= 2 (ct) (i ) es) ay" 2 . 
~ gion Cer Cas taza [Cage )~ (8) 10] 


SECTION 5. THE EFFECT OF THE MIXTURE PARAMETERS ON THE COMBUSTION EFFICIENCY 

The combustion efficiency depends on the parameters of the mixture which ap- 
proar‘vs the flame-holders. In order to eliminate the effect of carburation, we will 
investigate the variation of the combustion efficiency with the surplus air factor a, 
the initial temperature, the degree of turbulence, and the nature of the premixed 
fuel mixture, i.e., the fuel was vaporized and mixed with the air so that the compo- 
sition of the flow would be the same across its entire cross-section. 


‘Zhe effect of the coxposition of the mixture. Experience shows that the com- 


bustion chambers may operate on sinilar premixed mixtures only within narrow limits 
of the excess air coefficient. Thus, in Mullen's tests, a combustion chamber operated 
on a homogeneous mixture prepared beforehand only over the. range-of 0.7 < &<1.6,. 


2 Trlr 
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. enagl aon 
H CACC 
eae caseeates 
lek tL tit Ct eed Legend: 
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Fig. 151. ' Eégees of the conpoedtion of a premixed mixture on fis» Tgy and Nye 
The combustion efficiency has a maximum value which lies approximately at 1.0< 
<4 to 1.2 (Figure 151). Within the range of the composition of a mixture from d= 1 
to @ = 1.2, the combustion efficiency varies insignificantly, but with a further lean- 
ing out of the mixture, it falls rapidly. When {~1.€, combustion ceases. In 
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mixtures enriched to x < 1, Wag eraduslly decreases, since there is not suffi- 
cient oxygen for total combustion. Yhen 40.7 the combustion of a homogeneous pre- 
mixed mixture ceases, 

The temperature To effects the combustion efficiency of a homogeneous premixed 
mixture. With an increase of air temperature, the combustion efficiency increases 
and the operating lisdts are broadened (Figure 152). The initial temperature also 
affects the ignition limits and the combustion of a stationary gas in an enclosed 
area. The combustion chambers of supersonic ramjet engines, into which the 
air comes preheated to several hundreds of degrees due to the stagnation of the 
oncoming flow, operate under more favorable conditions than the combustion chambers 
of subsonic ramjet engines. 

The effect of the initial terperature of the combustion efficiency of a homogene~ 
ummizterdis-attributable to the fact that with inereasing texperaturey the-airmal _ 
velocity of flame propagation increases. The turbulent moles of a gas burn out 
quicker and at a given degree of turbulence, combustion is completed at a lesser dis- 
tence, end the combustion efficiency fora given: length of the combustion: chanber.in- 
creases. 

The pature of the fue] used in the turbulent combustion of homogeneous pre- 
rixed mixtures affects the reaction velocity and the normal flame propagation velocity. 
fhe normal combustion velocities of hydrocarbons as heptane, octane, benzine, kerosene, 
diesel fuel, etc., have about-thb same values if their initial temeratures are.emual. 

The normal flame propagation velocities of such fuel substances as hydrogen, 
acetylene, or ether, are greater than those of the hydrocarbons; therefore, other 
conditions being equal, the cambustion efficiency of tha mixtures of:these sub- -. 
stances with air vill be greater. ; 

Flow Velocity of the Mixture. With an increase of the mixture's flow velocity - 
a, the velocity of the turbulent pulsations grows Yep ra €w and the turbulent 
“lame propagetion velocity Wp increases. The iiicreass of the flame propagation 


velocity usually lags behind the increase of the flow velocity Wye Therefore, the 
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cone angle of the jet & ’ is deterzined from the equation 


¢ * @ 
B ; sino = : 


and, with an increase of flow velocity. it decreases. 


Legend: 
A) C-nbustion efficiency 


B) Imoulse efficiency 
C) Air specific inpulse 


a ot 
Fig. 152.. Effect of the initial temperature upon the combustion efficiency Page 
air ‘specific impulse I, end impulse efficiency N,;. 


The length of the jet increases with an increase of flow velocity, but the 
‘eoubustion:..effioienty*: for a given combustion chamber length decreases (Figure 153). 

At a sufficiently large flow velocity w, the flame breaks away from the flame- 
holder and combustion ceases. The value of the velocity, at which this break-away 
occurs, depends on the design and dimensions of the flame-holder, on the strength of 
the pilot light, and upon the parameters of the fuel mixture (see Section 9, Chapter 
VI). 

Because of the break-away of the flame it is not possible to investigate the 
effect of the flow velocity on the combustion efficiency through the entire range of 
compositions of a mixture. 

The humidity of the air has a certain effect on the combustion efficiency 
(Figure 15). With an increase of humidity the combustion efficiency decreases in- 
Pignificantly. Thus, during an increase of water vapor content from 1.4 to 2.7 per 


cent by weight, the combustion efficiency decreases by 5-10%. The decrease in com- 
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bustion efficiency is more noticeable as the composition of the mixture departs fron 
-, a stoichiometric ratio, and as the length of the combustion chamber becomes smaller 
" (Figure 15h). The effect of humidity is connected, it seems, with the fact that the 

normal flame velocity for humid mixtures is less than for dry mixtures. With __ 
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Fig. 153. The effect of the flow velocity Fig. 15h. The effect of the humidity of 


on » I,, and hy. the air on sp’ Tas and N,. 
Legend: Combustion effeciency; B) Impulse efficiency; C) specific impulse. 
increase of humidity, the combustion becomes smoother. We will mention that the ad- 
dition of water into the cylinders of piston engines eliminates detonating combus- 


tion, i.e., also decreases the flame propagation velocity. The effect of the humidity 


of the air must be considered far: flights) .andermtprytag' weuther-etnddbians, :!! : 

The degree of the flow turbulence has a substantial effect on the operation of 
a combustion chamber. Large-scale turbulence, in which the dimensions of the turbu- 
lent moles compare with the diameter of the combustion chamber and exceed the dimen- 
sions of the flame-holders, makes the operation of the combustion chamber difficult 
and lowers the value of the flow velocity at which blow out occurs. A small-scale 
turbulence, for which the dimensions of the turbulent moles are less than the 
diameter of the flame-holder, increases the velocity of turbulent flame propagation u 


T 
and, other conditions being equal, increases the combustion efficiency. 


wllen, J., Fenn, J. B., and Gazmon, R. C., Burners for Supersonic Rar.jets, 
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Legend: 


5) 
F) o Heptane 

G) A Diesel fuel 
H) x Siesel fuel 


Fig. 155. The effect of the contents of a non-vaporized fuel on $ ge I,» and h;. 


The effect of the phase composition of a mixture. During operation on fuel sub- 
stances with low vapor pressure, for example, kerosene or diesel fuel, the larger drops 
of the atomized liquid do not successfully vaporize completely. Therefore, a mixture, 
which approaches the flame-holders, contains, in addition to the vapor phase of the 
fuel, a drop-liquid phase also. The presence of the liquid phase has an effect 
‘upen.the character.ard upen.the! eosbustint-effieiency-(Sigure 155).:' Only that 
portion of the fuel which was vaporized enters the combustion reaction in the area 
behind the flame-holder. The fuel, which enters the combustion zone in a liquid 
state, must be vaporized before it enters into the reaction. The vaporization of the 
fuel drops occurs at the flame ignition source, the precombustion chamber for example 
(Figure 14). With a sufficiently powerful source, a two-phase mixture of hydrocar- 
bons and air will ignite and burn vith a greater velocity for finer degrees of atomiza- 
tion. During a great leaning out @{>1.5), two-phase mixtures burn better than do 
single-phase. The more non-vaporized fuel the mixture, that approaches the flame - 
holder, contains (and the larger the drops), the more powerful must be the ignition 
source (see Section 7). 


The parameters of the mixture have a noticeable effect only on the operation of 


Indust. and Eng. Chemistry, vol. 43, I, 1951, 195-211. 
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a short combusticn chamber, in which combustion does not suc.ced to totally cease. 
During a correct organization of the process, if the length of the combustion cham- 
ber is sufficiently great and the sides of the chambe> are isolated from thermal 
losses, any mixture, the composition of which lies within the ignition limits and 
A>1, will be practically totally burned. 

If the parameters of the mixture are given, then the drag coefficient and the 
combustion efficiency..will depend on the construction and-on’ the: dimensions of"? .”- 
the flame-holders and igniters, on the power of the pilot light, on the fuel feed 
system, and on the length of the combustion chamber. 

SECTION 6. THE EFFECT OF THE COMBUSTION CHAMBER ARRANGEMENT ON THE DRAG COE?FICIENT 
AND COMBUSTION EFFICIENCY. 

The most important parameters of a combustion chamber which effect the combus- 
tion efficiency and local drags are the apparatus for fuel atomization and carbura- 
tion, the geometry of the flame-holder » the length of the combustion chamber, and the 
diameter of the exhaust nozzle. The inlet cross section and exhaust nozzle have an 
effect on the flow velocity in the combustion chamber. To eliminate the effect of 
velocity, we will consider that the combustion chamber is, each time, equipped with 
such a nozzle at which the flow velocity has a given value. 

We will consider the effect of each of the parameters of a combustion chamber 
on the combustion efficiency p sg and on the drag factor C. 

The Geometry of the Flame-Holder. The form of the flame-holder effects the 
operation of the combustion chamber (see Chapter VI, Section 9). 

During the flow around the sharp edges of the flame-holder, a break-away of the 
stream occurs, which is accompanied by an intensive vortex formation. 

With an increase of the relative cross section of the flame-holder $q= 5 


the relative velocity of the flow, which flows around the flame-holder fe » increases 


ay 


until the velocity of the flow between the edges of the flame-holder and the walls 


of the combustion chamber becones-equad-to-¢he' ledal: speed of donnd.’ Besides,?* ~ 


flame-holders with such large relative cross-sections are not used. 
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The average velocit: of the turoulent mulscbions Wepgrt 515 the greater, the 
greater the velocity of the streams which break aray fron the edges of the flane-holi- 
er. A grovth of the intensity of the turbulence increases the velocity of surbulent 
flame propagation up, and the exparsion angle of the comoustion zone behind the flane- 
holder a, widens. Therefore, with an increase of S.,, other conditions being ewu:l, 
the length of the combustion zone decreases and the combustion efficiency at a given 
distance fron the flame-holder increases (see Chanter VI, Section 9). ‘iowever, very 
large flow velocities along the edges of the flame-holder may cause the flame to 
break away. It is possible to show that the optimum relative section of a conical 
flame-holder S., “5 and that of a ring-shaped one S,, = : 


The arrangement of radial grooves (gutters) (Figure 156) aids the transfer of 


the hot gases from the ignition source to the fresh mixture and, other conditions 
being equal, shortens the length of the combustion area and increases the com 
bustien-effietency. Ring-shaped grooves (gutters), located concentrically around 
the ignition source, may serve as flame-holders in very wide combustion chambers 
(see Figure lkhb). 

From the sides which are turned towards the diffuser, a flame holder is washed 
by air, the temperature of which is close to the stagnation temperature of the oncom- 
ing flow, and from the side of the exhaust nozzle, the flame-holder is washed by the 
products of incomplete combustion, since combustion near the flame-holder is not 
totally ended. Photographs of the combustion zone after a flame-holder show that the 
maxi sum luutaescened tvtansttys of the gases is reached at a distance of several cen- 
timeters from the flame-holder (see Figure 105). In this way, a flame-holder has the 
forward side cooled by air, the temperature of which is close to the stagnation tern- 
perature of the oncoming flow, whkbetis' bear-aide is heated by gases, the temperature 
of which is on the order of 1,000° C. Considering that the heat emission coefficient 
from the rear side of the flame-nola." is less than from the forward side, a flame- 
holder, which is constructed of heat-resistant steel, cannot bverkeal as a result of 


the combustion which takes place in its aerodynamic trail. A flame-holder does not 
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a. 
Dy =2h 


ig. 156. Forms of flame-holders. 
a-- disk; b -- conical; c -- ring-shaped; d -- V-shaped. 


urn from its own flame. 

The combustion efficiencies, obtained by a simple conical flame-holder (Figure 
56b) or by a complex flame-holder, composed of a cone with grooves (Figure 156d), are 
ompared in Figure 157. The combustion efficiency with a complex flame-holder is 
reater than with a simple conical one. The drag factor of the combustion chamber 
nereases with an increase of the relative section of the flame-holder. 


The length of the combustion chamber has a substantial effect on the combustion 


fficiency, since the stay time of the gases in the combustion zone depends on it. 

ith an increase of the length of the combustion chamber the combustion efficiency in- 
eases and at a certain length los approaches 100%. Increasing the length of a com- 
ustion chamber above this value does not make sense, since with an increase of length 
he contact surface of the hot gases with the walls of the combustion chamber and the 
eat losses through the walls grow, In addition to this, the friction losses of the 
otf gases on the sides of the combustion chamber and the drag factor ¢ of the com- 


ustion chamber increases. The most suitable is that length at which the specific 
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impulse of the gases is maximum. Tne effect of the length of the combustion chamber 
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Fig. 157. The effect of the form of the Fig. 158. The effect of the length of the 
flame-holder on Y ses combustion chamber on Y5,, 
Ta and Ne Ta » and NH. 
max Tmax 


on the combustion efficiency is depicted in Figure 158. The combustion efficiency is 
low at a length of 150 mm of the area behind the flame-holder and when Mowl1. With 
an increase of length the combustion efficiency of a homogeneous mixture increases 
and when l = 150 mm, it reaches 100%. Increasing the length of the combustion zone 
higher than 50 mm may only lower the impulse of the effluxing gases, since the effi- 
ciency cannot increase further, the heat-and-friction losses in the area behind the 
flame-holder will grow with an increase of length. . 

The relative cross-section of the exhaust nozzle S) “a has a substantial ef- 
fect on the operation of a combustion chamber, since it determines the character of 
the flow of the gases. Depending upon the conditions which exist in the inlet sec- 
tion of a combustion chamber S,, the change of the exhaust section may be accompanied 
by either a variation of the gas discharge, or by a variation in pressure (see Chap-~ 


ter X, Section 2). 


SECTION 7. THE COMBUSTION OF LIQUID DROPS 


Streams of a liquid, which are thrown out by direct-spray or centrifugal injec- 
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tors, disintegrate into separate drops. Moving in the air, the drops gradually 
vaporize. The higher the vapor pressure of the saturated fuel vapors, the quicker 
‘evaporation occurs. But even during operation on such volatile liquids such as ben- 
sine, the drops do not successfully completely vaporize into the. space. between.the pre- 
combustion chambers and the combustion gone behind the flame-holder, so that the 
mixture, approaching the flame-holder, contains a significant percent of fuel in a 
drop and liquid state. Therefore, not only vapors, but also individual drops, burn 
in a combustion chamber. 

We will consider certain combustion problems about liquid drops. 

To stimulate the combustion reaction, it is necessary to elevate the tempera- 
sure of the reacting substances to the ignition temperature Tysp- 

The ignition temperature is always higher than the boiling point of liquid 
fuels Tygn>Tyip- Therefore, the liquid surface of the fuel fundamentally cannot 
burn. Vaporization always precedes combustion. The vapor pressure of such :2:rjd - 
Seated dc tials: as. benzine is sufficieiitly great so that at temperatures:. 
below minus 50° C there are enough vapors over the surface of the liquid for igni- 
tion. The fractional pressure of the fuel vapors Pyes with the molecular weight 
Me» that is required for the formation of the mixture with the surplus air &, is 
equal to 

| ser a ee 
When wot 
L=15; pa™2; nem 100 a= 1,5; Puc@O0123p2, 

If Paty * 760 mm of mercury, then pp, ° 8.5 mm. The vapors of benzine have such a 
‘pressure at a temperature of -53° C, of kerosene at +13° C, and of diesel fuel _! 
at +50° C. Combustible substances, the vepers-éf-which’ possess a pressure, - 
which at normal temperature is insufficient to form a mixture capable of ignition, 
are called safe. 

The vapors, which forn on the surface of a drop , diffuse into the surround- 
thg. air; the greater the distancd from’ the drop the’ lesser ds the contents o?”'° 
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vapors: in- theveire'At-a certain distance from the grop, the fuel mixture . 
reaches a stoichiometric ratio. If one ignites a large separate drop, a "covering" 
flame will appear around it (Figures 159 and 160). 
In order to ignite a drop of fuel with a low vapor pressure, for example like a 
drop of kerosene, it must first be heated to a point so that the vapor pressure 
*.ebonld,yaach.a.zalue that.is sufficient: for the formation ofa fuel mixtures~" . 
This preheating may be accomplished either in the tanks before the efflux from the 
injectors, or by atomization into hot air, as in the combustion chambers of super- 
sonic ramjet engines, where the stagnation temperature is very great. 
In the presence of a sufficiently powerful ignition unit the preheating of the 
drops occurs in the ignition flame. Falling in the area of the heated gases, the 
drops are heated; the content of the vapors reaches the required value and the mix- 


a ¢ 
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Fig. 159. Diagram of the vaporization and combustion of a drop. 


It is not difficult to show that during a fine atomization the average distances 
between the individual drops X are less than the thickness of the combustion zone of 
the drops (Figure 161). | 

The number of drops, which are contained in a cube with Geis a io =(2)*- 


The mass of these drops is G,= eR n= (“t}. The mass of the air in a selected 


volume is G, ® Ta (disregarding the volume of the drops). The composition of the 
mixture is: 


nie Oe gp — 8 te 


Sy f° 
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Fron this ; 
$=y/ te , 
a ‘. —_ (8.22) 
When ¥, = 800 ke/m3; Vy = 1.225 kg/m3; L = 15; o=1.5 the average dis-~ 
tance between the drops will be z=, y 2.14.00-1.5:15 ong. 
If dz 100 p45 thets‘rae? mrs 
The theoretical investigation of the vaporization and combustion of drops, which 
are stationary in relation to the surrounding air, was carried out in 195 by G. A. 
Varshavskiy. He considered that the vapors that were formed on the surface of a drop 
were diffused into the surrounding air, meeting diffused oxygen (see Figure 159). At 
a certain distance from the drop a spherical flame front appears, where the chemical 
reaction of fuel oxidation takes place and the heat of combustion is relezsed. Par- 
tially it spreads in the direction of the diffusing fuel vapors and is used in the 
process of vaporization, and partially it diffuses into the ambient gases. “The caleu- 
lated radius of the combustion zone is scveral.tines greater than the radius of the 
drop. The combustion products are dispersed into the surrowiding air acter diffusing 
with tho oxygen encountered. In this xay, a "covering" flame apnears around a heated 
‘drop. In aceordance with Varshavskiy's ideas isolated arops,are capaole of. bum- 
ing in an atmosphere of pure oxygen, since an area which is sufficiently enriched 


with oxygen and ivel exists at a certain distance from the surface of each drop. 


: _ ; 
Fig. 160. A photograph of the combustion Fig. 161. Towards the determination of 


of a-aingle drop. the average distance between 
e -- still air; b -- wC10 m/sec; drops in the jet of an injector. 
C -- Wow 


An experimental investigation of the coxbustion of single drops, falling 
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4n the atmosphere of a hot gas or suspended.on a special device, was corried.out — .; 
by zany researchers. These investigations shoved that covering flames (Figure 160a) 
. actually appear around the drops at low relative velocities. During an increase of 
the relative velocity, the combustion zone is displaced towards the rear of the 
drop, and after this, combustion occurs only within its trail (Figure 160b). Investi- 
gations at relative velocities measured in tens of meters per second were not carried 
out. The speed of vaporization and combustion of the drops quickly grows with an in- 
crease of their relative velocity. The vaporization speed of drops immobile in rela- 
tion to the air is not great. 
: The assumption that the drops ere still in relation to the surrounding air, is 
only the first approximation to that which occurs in a ramjet engine. First of all, 
the drops are blown out by the turbulent movement of the air, secondly, afterctenper- 
ature of a burning gas increases, its specific volume grows, the flow velocity grows, 
the pysssure decreases: Po3 < Pos and the velocity of the drops in relation to the 
gas varies. The velocity of the drops at the moment of penetration into the combus- 
tion sone is approximately equal to the velocity of the flow: Wo * wy. The burning 
gases begin to move faster than the drops of fuel. The gases flow around tho ares 
with: a relative-velogity ef: u.e.¥i- Wps an aerodynamic forte f: arises thereby: 
1 1 fee SE, (8.12) 
where C, is the aerodynamic drag coefficient of the drop 
S, is the cross section area of the drop. 
° During a sufficient relative velocity Uprs the aerodynamic force becomes so 
great that it imparts a boost to the drops, which then approach the velocity of the 


flow j; the vaporization speed grows. 


SECTION 6. THE GAS DYNAMICS OF A COMBUSTION CHAMBER 


The temperature of the burning gas mixture flowing through a combustion chamber 
Ipurgoyne, J. and Richardson, J., Fuel, vol. 28, 1949, 2. 


: Spalding, D. B., Eksperimenty po eoreniyu i gasheniyu zhidkogo topliva na 
sharovykh poverkhnostyakh owen on the tonbistton and Quenching oF a Liquid 
Fuel on Spherical Surfaces/ Fuel, vol. 32, 1953, No. 2, 169. 
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increases. During this its velocity increases, but the pressure falls. The gas 
dynamics of a combustion chamber establish a connection between the temperatures of 
the gases in the various sections of the combustion chamber on the one side, wd with 
the velocities, pressures, and densities of the gases on the other sidc. 

During the research of the gas dynamics of a combustion chamber an assunp-— 
tion is made that the temperatures, velocities, and pressures in the iuvestigated 
sections are the same. These allowances are sufficiently correct for the inlet sec- 
tion of a combustion chamber S and only approximately correct for the exhaust section 
S53. The sones of temperature and velocity in the in-between sections of the combus- 
tion chamber, where combustion occurs, may not be considered as uniform even in the 
first approximation. 

We will designate the terperature and other thermodynamic parameters of the 
air at the inlet to the combustion chamber by To, Y2, p2, and wo. The stagnation 
parameters at the inlet to the combustion chamber we will designate by Too, po2, and 
Yee: 

The critical velocity of the incoming flow is 

a= / tle. ne (8.13) 

The relative velocity at the combustion chamber inlet is 


, mY aeerte” (8.1h) 


The ratio between the stagnation parameters and the static parameters at the 


combustion chamber inlet may be found by using the gas dynamic function: 
To=Tegt (ha); Pa=Per® (Mek -Ye= Tent (;)- (8.15) 
The stagnation temperature at the inlet to the combustion chamber Too may be 


measured by screcned resistance thermometers or by thermocouples. The stagnation 
pressures are measured by Pitot tubes, the static pressures -- by tubes, the openings 
of which are parallel to the stream lines (see Figure 150). Relative to the pres- 
sure ratio pas it is possible to find the relative velocity at the inlet to the con- 
bustion chamber A2 (see 2.68): 


Veh f(a)" | (ne 
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The density of the incoming air is determined by the equation .of etate: 


Wh ay Oe: (8.17) 


The air flow through the coxbustion chamber may be calculated by knowing the 


inlet section S» and the parameters po, pop, and Top (see 2.7): 


Ome Su= YP 904). (8.18) 

A portion of the total pressure situated at the inlet to the combustion chamber 
Po2 is dissipated in friction and shocks during the flow around the turbulence rings 
(turbulizers), fuel collectors, flame-holders, and other units which are located at 
the combustion chamber inlet. 


The pressure preservation factor during the flow around the local resistances, 


as was shown in Chapter IV, Section 2, is equal to 
cma 


re =e 
At low velocities (12<0,2-+0,3) 
Ng at 
ah aia wes web (8.20) 


To determine the local drag coefficient factor © in addition to the pressures 
Po and poo, one measures the pressure drop Ap, which takes place during the flow a- 
round the obstacles: Mp = Po2 ~ Poo 

From (8.19) we obtain 


Cae tt! op att bp 
W203) po A? po (8.21) 


The local drag coefficient may first be calculated if the-ratio.ef: the.block= 
ge aréa’By, to that of cross-seotion S, is known; 
esp fm 063.40.37(S=S:)" | (8.22) 
We determine the relative velocity behind the flame-holder r 2 from the flow 
equation q( de) = Oa(A2) ; Xo <1, after solving it graphically. 
The enthalpy of the flow at the combustion chamber inlet 1o9, disregarding the 
enthalpy of the fuel, is found by the i-T diagram (see Figure 92), or by calculation, 


if the heat capacity c,9 is known: 


FeTS-9TW0N 


bea = CyeT a. (8.23) 


During the combustion of the fuel the enthalpy of the gases grows: 
= Me 
| ies (a+ raz) tree (8.2h) 
where Wier is the heat utilization coefficient, which accounts for the losses due to 


incomplete combustion and heat conduction through the walls. 
The stagnation temperature of the combustion products of rich mixtures (<1.5, 


considering dissociation, is more reliably determined by the i-T diagram (see Figure 
During the combustion of lean mixtures one may use the data for the average 
‘i . Then, © +. 


92). 
heat capacities, without considering dissociation, co*giver:in Figure 85, 
=a, (8.25) 


Along with the burning out of the mixture, which occurs along the entire 
length of the combustion chamber, the temperature of the products increases, their 
, According to the continuity equation 
(8.26) 


velocity increases and the pressure falls. 
SsyeS3= wr’ ys’ Sy’. 
The velocity W3 may not be determined from this, since the pressures Po3» P3, 


and consequently, the density of the combustion products ¥% are not known. 


The relationship between the stagnation pressures up to and after combustion 
and Po3 in the section Sh directly behind the front sections and in the section 


p! 
02 
S, in front of the nozzle may be found from the flow equation (2.7h) 


We 2ehy Seen Qeks Shot Os) 
p +02, VTa “V atta fy (8.27) 


+1)R ote 


-Henee, the pressure recovery during combustion Os is equal to 
7 eeenyi £09. a (8.28) 
Here i /®. 
(8.29) 


The relationship between the relative velocities up to and after combustion A» 


and A; may be found from Kilselev's equation for the thrust of a flow (see 2.6) 
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r= )/ RT aGr(tat t)—y/ BEL +1 TE RTat(ts+ 4). (8.30) 


In the case of a cylindrical combustion chamber S3 = S35 R- O and the equa- 
tion (8.30) is simplified: 


2Q)) Bt 
70g x one (8.31) 
After solving the last quadratic equation in relation to A, we eer 
= J — VIP 1. 
Here Smee 8 Ve(r, gh ) 
4)" (8.33) 


The pressure recovery during combustion in a cylindrical combustion chamber is 


from (8.28) and (8.32) 


= #0) #03)¢0) 
Scr kV = ar ipy ee (8.3h) 


The overall pressure rztis:acréss-thé combustion chamber.is equab .to the: -- 


product of 
a (8.35) 
Pa Pan Pm 
—( 3——*_y209,) | 20020) 8. 
= [1 Hea | =0x)¢05) oe 
Here 


aa! 
24 eV wh (2)" Py (8.37) 


The flow of the gases through the combustion chamber is determined by the 
throat section of the diffuser 5 or or the critical section of the exhaust nozzle 


Shor In not one of these sections is the flow velocity able to become greater than 
the local speed of sound. The problem of flow through subsonic and goparsonte engines 
is discussed in Chapters IX and X. 

The stagnation temperature of the combustion products of lean mixtvres AW>1.5, 
may be measured with the aid of a shielded thermocouple; the stagnation temperature 
of the combustion products of rich mixtures (< 1.5 may be found b, calculating 


the flor of gases G3 and the static and total pressures ahead of the nozzle P3 and 


PO3? 
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= acy SsP090s) 
VTe V wee G (8.38) 


The heat release coefficient is determined from the equation (8.2). 

If there is no convergent nozzle at the combustion chamber sutlet, then the 
velccity after combustion in a cylindrical tube may reach a sonic value. If 53 s 
Sher» then 3 = 1. This is the most possible value of the relative velocity of a 
flow in a constant cross-section combustion chamber. The velocity at the inlet to a 
combustion chamber without constriction at the outlet, i.e., ven = = 1, may not 
be greater than the limiting value, which corresponds to 3 =i: 

= ean = RY O— VRPT. | (8.39) 

In the absence of heating 9= 1; ge $=1; Nomax "1+ With an increase of 

relative heating § = = \ omax decreases. 


When @& = 1.15 and @= hj 6Ve - 2,3; Nomax * 203 -W2.3% = 1= 0.23. 

Substituting the value romax in the formila (8.3);) we find the loss of total. 
pressure during combustion. 

The loss of pressure in a constant cross-section combustion chamber is the 
highest then, when the velocity at the end of combustion reaches a sonic value. 
This may take place only in those combustion chambers that do not have a convergent 
exhaust nozzle (5), = S53 A; = %, =1). 

Substituting A; = 1 and ro = Aomox in the formula (8.3) we find the maximum 
possible decrease of total pressure in the combustion chamber, i.e., the least pres- 


aure raeia: doring Sembustion Sy 


en Leet opet f 


0y/ Te : (B.h0) 


The dependence of the relative variation of the total pressure in a constant 


- 


Ss 
cross-section combustion chamber without constriction at the outlet = «1, A; = 1; 
3 


on the relative increase of the temperature, is depicted in the following table: 
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Ou—- 115 2 4 6 8 eo 
1] 


an 1 089 0,86 082 OS! 080 0,79 


\ 
Example. Find the pressure ratio for a combustion chamber Co if the velocity 
of the gases before the discharge A3=0.5 » the temperature ratio during combustion 
@ = 3, the local drag factor © = 1.2, k, = 1.3, Z = 1.02, and B= 1.05. 
We will determine the functions of E and JI ; 


aif febtt By / 1423 
= VReire =} 1429 a0 1.0, 


_ et (+5 7 )= ae 13 PV 3(05+5 o)= 2,343. 


The relative is after the ise aie is 
My sd V1 =H 2,3 — 2 HB— 1 = 2,313 — 2,120 = 0,223. 


‘fee determined A, vaine:mst be checked by substitution. in the initial . 
{wqation (8.31). . 
The pressure recovery for combustion is 


| (.—_228y 


2090), a707aN "6 I a, 
sr "sQ a0) 25 05 (1-22 333 


The relative velocity at the combustion chamber inlet is found by solving the 


@ischarge equation graphically: 


From this: &+l 
7% sas 216; ¢,=0,965. 


Ca = Cu%cy = 0,965-0,923 = 0,890, 
SECTION 9. THE OPERATING PROCESS IN A STABILIZED COMBUSTION CHAMBER 
The processes of atomization, vaporization, and combustion of a fuel, which end 
by the turbulent intermixing of the combustion products with . 2sh air, occur in a 
stabilized combustion chamber (Figure 162). 
The fuel consumption Gy in kg/sec is determined by the number of injectors n, 
the cross section of the injector nozzle Se in mn, the fuel feed pressure Ap in 


kg/m? and the density of the fuel Y, in kg/m; 
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O,= penS, V 5g1,Ap. (8.h2) 

) The flow coefficient of an injector Fr depends on its geometric characteristic 

and on the viscosity of the fuel } g? With an increase of viscosity the twist of 
the fuel in a centrifugal injector deteriorates, the thickness of the shroud increases, 
ind the flow coefficient Pr grows, remaining less than one. The flow coefficient of 
lirectespray injectors diminishes with an increase of viscosity due to increased 
‘riction losses. Other conditions being equal, the flow coefficient of a centrifugal 
njector is less than that of a direct-spray injector. 

The temperature of the fuel influences the viscosity and density; with an in- 
rease of the fuel temperature when Ap = const, the flow coefficient Pt diminishes 
itil the viscosity of the liowid becones negligibly small; then the injector ap- 
roaches ideal. 

The atomization of the fuel is determined by the relative velocit:, the density, 
und the viscosit; of the air, by the density, surface tension, and viscosity of the 
‘uel, With an increase of fuel temperaturc, the atomization is improved, ‘The air 
/emperature has a small effect on the atomization. 

The form of the dispersion jet depends on the flow velocity, the fineness of 
he dispersion, the density and viscosity of the air, and also on the location of the 
njector in relation to the oncoming flow. With an increase of flow velocity, 
ith an increase of the dimersions of the drops, and also with a decrease of air 
ensity, the dispersion jet widens. When the injector is located with the flow the 
et is somewhat wider than when the injector is located against the flow, although 
he widening of the jet occurs at a ‘ onsiderable distance from it. During the widen- 
ng of the jet the local fuel concentration in the trail of the injector diminishes, 
ther conditions being equal. 

With increase of flight altitude the absolute pressure and density of the flow 
n the combustion chamber fall and the jet widens so that the drops are able to fall 
n the sides of the chamber. The variation of the form of the jet must be considered 


luring the calculation of a combustion chamber which must operate at various altitudes. 
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Fig. 162. A diagram of the operating process in a stabilized combustion chamber. 


The evaporability of the fuel depends on its volatility and temperature, on the 
fineness of ‘the dispersion, on the relative velocity of the drops, and on the tempera- 
ture of the air. The evaporability increases with an improvement of the dispersion, 
with an inorease of the volatility of the fuel, with an increase of the relative 
velocity of the drops, the temperature of the air, add uspebtaldy:thé temperature of 
the fuel. The vapors that are formed during the motion of the drops are carried aray 
along the stream lines of the air. Therefore, with an increase of fuel evaporability 
the vapor concentration in the injector trail increases. The basic evaporation of the 
fuel occurs during high relative flow velocities, i.¢., during the movement of the 
drops along curvilinear portions of the trajectory directly after leaving the injec- . 
tor. and while flowing around the flame-holders. Therefore, the content of the fuel 
vapors noticeably increases only at a emall distance from the injector. With a sub- 
sequent increase of distance, the evaporability increases slower than the turbulent 
interspersion of the air occurs, which is accompanied by a widening of the jet and 
the concentration of fuel vapors in the injector trail begins to diminish. 


‘The relative position of the flame-holders and the injectors has an effect on 
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the operation of a combustion chimber onl; when the distance betiveen them is not 
greater that that at which the local concentration of fuel ceases to vary, ie@e, until 
the concentration zones become even. hen the flane-holders ad the injectors are 
lecated too close together, a narrow jet, whict: contains less drons and mre liquid 
fuel, will fall on the flame-holders; conditions will be unsuitable for ignition and 
combustion. then the flame-holder is located further from the injectors the width of 
the jet will grow, the eveporability of’ the fuel and the concentration of the vepor 
phase will increase, but the concentration of the liouid phase will decrease; condi- 
tions for combustion will improve, and will finally become perfect. During a further 
increase of the distance between the flame-holder and the injectors, the width of the 
jet wiil slowly increase due to turbulent in ixing; the evaporability of the fuel 
will grow until it finally reaches 100%. The contents of the liquid phase of the 
fuel will decrecse, and the concentration of vapors will slowly diminish, until the 
concentration zones become even. 

At a given relative position of the injectors and flane-holdor of definite de- 
sign amd dimensions, the composition of a mixture in the area of the flane-holder 
edges will be determined by the fuel feed pressure, the temerature and nature of 
the fuel, and the velocity, pressure, and temperature of the eir. ‘ith an increase 
of the fuel feed pressure, the fuel consumption increases, dispersion is improved, 
the local concentretion at first begins to grow as a result of rising proportions of 
small drops, and the improvement of vaporization. With an increase of fuel tempera- 
ture, comsumption decreases insisnificantly owing to diminishing fuel densit;, and re- 
duction in the thiclness of the film, Dispersion improves because of diminishing 
surface tension and the local concentrations grow because of the improvement of vapor- 
isation, the increase of proportion of snall drops, aid the nerrowing of the jet. It 
is for the same reasons that < growth of acdal concentration is registered as 2 result 
of kerosene replacoment b: benzine. 

With rising temerature of the air, but constant fucl tenperature Ty, = const., 


dispersion deteriorates insignificantly due to a reduction in air densit:, and the 
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evaporability of the fuel increases because a grecter quentity of heat is imparted to 
the drops, The fuel concentration in the injector trail grows due to the crowth of 
the content of the vapor phase; the conditions for combustion ircrove. 

With an increase of the flow velocity the dispersion improves, the jet con~ 
stricts, the evaporability of the drops increases and the fuel content in the trail 
of the injector increases. 

Depending on which has the predominant value — the growth of the air flow or 
the growth of the fuel flow -—- the mixture concentration either diminishes or in- 
creases, A stabilized combustion chamber is able to operate within 2 wide range of 


velocities of the oncoming flow. 
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Fig. 163. ‘IWéagramsof a flame-holder facing 4 two-phase flow. ve ties 


With an increase of air pressure the dispersion is improved, the jet quickly 
constricts, evaporization increases because of the improvement of the dispersion, 
and the flow of the fuel in the injector trace increases. The flow of air grows 
Slower than the flow of fuel and the fuel concentration along the injector axis 
grows during an increase of air pressure. 

During an increase of any parameter which leads towards enriching the mixture 
in the trace of the injectors, i.e., during an increase of the fuel feed pressure, 
the temperature or volatility of the fuel, and a decrease of the flight altitude, it 
is possible to raise the concentration of the mixture to the upper ignition limit; 

a rich blow-out occurs, which may be preceded by concentration pulsations (see Chap- 
ter VIII, Section 12). 


During a decrease in the fuel feed pressure, the temperature and volatility of 
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the fuel, and also during m increase in flight altitude, it is possible to raise the 
concentration of the mixture up to a lean blow-out, which sonetimes ma: be preceded 
by lean concentration pulsations. 

Carburation hes a substantial effect on the oreration of a conbustion chamber. 

During the flow around the flame holders, the stream lines of the air warp. 

The drops, which have a mich higher density than the air, continue to mve almst 
rectilinearily (Figure 163). The greater the diameter of the drops, the smaller is 
the curvature of their trajectories in comarison with the curvature of the air stream 
lines. Therefore, only the finest -—- the micron-sized drops == flow around the 
flame-holder which is located in the trace of the injector, but the larger drops 
strike against it, forming a liquid film on the flame-holder surface. A flame—-holder 
enriches a two-phase mixture. | 

Owing to the irregularity of the concentrations in the dispersion jet to the 
transport of vapors and the evaporization of the liquid film formed on the flame- 
holder, the mixture on the edges of the flame-holder contains a significantly higher 
percent of fuel than does the flow which mves past the flane~holders: 

a Ape 

If an electric sparkplug, located behind the flame-holder so that no drops of 
the liquid fall on it, serves as an ignition source, then a quantity of vapor suffi- 
cient for burning mst arise in the carburation zone, since only vapors and micron 
sized drops actually penetrate into the space behind the flame-holder. If a precom 
bustion chamber or pilot light serve as the ignition source, then the evaporation of 
the drops may reach the required value in the ignition jet, wherefrom the evaporation 
and combustion gratually diffuse to the entire flow. Sometimes the growth process of 
the combustion area takes several seconds. 

‘Bvaporation in the combustion zone is determined by the speed of the heat trans- 
mission, the evaporation heat of the fuel, and the fineness of the dispersion, Evap- 
oration in the combustion sone practically does not depend on the fuel vapors 
pressure. 
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the fuel, and also during 2 increase in flight altitude, it is possible to raise tiie 
concentration of the mixture up to a lean blow-out, which sometimes ma: be preceded 
lean concentration pulsations, 

Carburation has a substantial effect on the oreration of a combustion chamber. 

During the flow around the flame holders, the stream lines of the air warp. 

The drops, which have a mch higher density than the air, continue to mve almst 
rectilinearily (Figure 163). The greater the diameter of the drops, the smaller is 
the curvature of their trajectories in comarison with the curvature of the air stream 
lines. Therefore, only the finest -- the micron-sized drops ~~ flow around the 
flame-holder which is located in the trace of the injector, but the larger: drops 
strike against it, forming a liquid film on the flame-holder surface, A fleme-holder 
enriches a twouphase nixture. 

Owing to the irregularity of the concentrations in the dispersion jet to the 
transport of vapors and the evaporization of the liquid film formed on the flame- 
holder, the mixture on the edges of the flame-holder contains a significantly higher 
percent of fuel than does the flow thich mves past the flare-holders: 
gt < Lene 

If an electric sparkplug, located behind the flame-holder so that no drops of 
the liquid fall on it, serves as an ignition source, then a quantity of vapor suffi- 
cient for burning mst arise in the carburation zone, since only vapors and micron 
sized drops actually penetrate into the space behind the flame-holder. If a precom- 
bustion chamber or pilot light serve as the ignition source, then the evaporation of 
the drops may reach the required value in the ignition jet, wherefrom the evaporation 
and combustion gradually diffuse to the entire flow. Sometimes the growth process of 
the combustion area takes several seconds. . 

‘Evaporation in the combustion zone is determined by the speed of the heat trans- 
mission, the evaporation heat of the fuel, and the fineness of the dispersion, Evap~ 
oration in the combustion zore practically does not depend on the fuel vapors 


pressure, 
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In the beginning of the combustion area the zones of velocities, concentrations, 
md temeratures are sharply irregular. The equalization of the zones takes place 
mly at a sufficiently great distance from the flame-holders (see Figure 162): the 
greater the degree of turbulence, the quicker the zones equalize. The tempcratures, 
oressures, and velocities which enter into the gas dynamic equations, derived in 
Section 8 of this charter, renresent but cross-section averages. Thus, one may sveak 
about average velocities, average pressures, and averzge accelerations of the flow in 
a combustion chamber, 

The disintegration, evaporation and combustion of the drops, ending by the mix~ 
ing of the combustion products with the air and the equalization of the temperature 
ad Welootty profiles, mst vroceed in but a few milliseconds. In co:bustion chanbers 
of insufficient length these vrocesses are not successfully comleted., The incom 
pleteness of combustion and the irregularity of the zones before the nozzle inlet 
reduce the thrust characteristics of a combustion chamber. If wo = 100 m/sec and 
the degree of turbulence of the flow in the combustion chamber is € #0.1, then 
ggg oy Ew2 7 0.19200 = 10 m/sec, ieee, the pulsation velocity, «hich determines 
the velocity of the turbulent flame propagation, will be ten times greater than 
the normal. velocity, which computed for hydrocarbons is near 0.):; m/sec. In this way, 
the combustion of a fuel~air mixture and the uniformity of the concentration, ten- 
perature, and velocity zones, are determined by the intensiey of the flow turbulence 
in the combustion chamber, the fineness of the dispersion, and the relative position- 
ing of the injectors and flame-holders. By increasing the degree of turbulence, it 
is possible to substantially shorten the combustion area, 

Pressure drops along the combustion chamber as the mixture burns out and the 
average flow qeloskty increases. According to the pressure dro- along the combus-~ 
tion chamber, it is possible to approximately judge the combustion of the mixture, 
Combustion terninates at that »oint where the pressure practically ceases to de- 


crease (see igure 152), 
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SECTION 10. HELICOPTER ENGINES COMBUSTION CHAMBERS 


Subsonic ramjet engines are sometimes used tc rotate helicopter rotors. The 
helicopter ramjet engines are located at the ends of the rotor blades, the circum- 
ferential velocity of which lies within the limits from 200 to 300 m/sec (Figure 16k). 

An engine, which is located at the end of a rotating blade, undergoes a very 
large centripetal acceleration: 

J=-R° , (8.42) 
Here u is the circumferential velocity; 
R is the radius of rotation, i.e., the distance from the axis of the rotor to 


the axis of the engine. 


Fig. 164. The combustion chamber of a helicopter engine. 
a -- front view, b -- back view. 


When R = 5 m and u = 250 m/sec, j - Ze = 12,500 m/sec* = 1,250 gm. 

‘Tremendous centripetal accelerations, more than a thousand times greater than 
the accelerating forces of gravity, or a substantial effect on the operation of a 
combustion chamber of a helicopter ramjet engine. 

It is convenient to consider the combustion chambers of a helicopter ramjet 
engine in a system of coordinates, which are connected with the revolving rotor 
(Figure 165). 

From the viewpoint of an observer who moves together with engines,a centrifu- 
gal force df acts on each elenent of mass dn: 
| df=) = Te aV. : (8.43) 
Here Y is the density in kg/m; 


qV is the element of volume. 
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The centrifugal forces act on the structural elements of the engine, creating 
elastic stresses in them, on the gases which flow through the engine, and on the 
drops that are carried along by the flow. The centrifugal forces, tending to 
tear the engine away from the rotor, act on each gram of structural mass, exceed one 
kg of force. The engine support, which weighs 5 kg, must endure a force of nearly 
6 a. 

The centrifugal forces tend to draw the flow away from the axis of the engine: 


gradients of pressures and densities appear in the flow (Figure 166): 


d df_w ss = J ; 


When Jj = 1,250 gm; grad p = 0.125*1,250 = 150 kg/m@om = 0.015 atm/m. 


grad p= . 


The pressure gradient may be considered as constant along the entire section of 
the combustion chamber, since the radius of rotation R is large in comparison with 
the diameter of the combustion chamber. 


Fig. 165. The system of coordinates Figs 166. The calculation of the pres- 
for computation of rotating sure gradient in centrifugal 
helicopter engines. force fields. 


A) Flame; B) Drops. 
The difference of the gas pressures on the outside and inside of the engine is 


4 


- 


Apm= day grad p= 18 fen. (8.45) 
where Gy am is the diameter of the combustion chamber. 


m 7 . 
d..==0,2m and grad p=0,015 atn/n | 
ap=d,,,, grad p=0,2-0,015=0,03 atm=3 kg/m. 


In this way it is possible to disregard the pressure difference at the walls of 
the helicopter engine and the corresponding difference of densities. 
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From the wiewpoknt of an sbserver, tho roves with the engine, centrifucal 
forces, while acting on the drops which move within the chanber, inmpart a centrifugal 
acceleration to them, Under the acticn of the centrifugal forces, the drons dencrt 
from the exis of rotation (see Fizure 166). 

For dt time the drovs break avay from the rotation acs at a distance of dk: 

be d= J (dty. | (8.16) 


a 


The redial velocity of the drops for this time grows with an increase of dw: 
dw p=jdt. (8.47) 

With the increase of the radial velocity w, the aerodynamic drag of the drops 
grows and their acceleration decreases. 

If the time of the drops' movement from the injectors to the flame-holder is 
equal to three microseconds and the acceleration j = 12,500 m/sec®, then the dis- 
placement of the drops from the axis of rotation would reach 56 mm. Besides, during 
such great time iniervals, the radial velocity may grow by Aw a jAte 
12,500 * 0.003 = 37.5 m/sec, and the acceleration of the drops may not be considered 
as constant; the true displacement of the drops is less than 56 mm. 

The differential equations of the drops! movement in a field of centrifugal 
forces may be successfully integrated only in the event if one assumes that the 
aerodynamic forces are proportional to the first degree of velocity. This is correct 
when Re <1, i.e., for micron-sized drops. Their contribution of fuel to the ‘dis- 
persion spectrum is very small. Mis 

Within a certain time, the radial velocity of the drops reaches such a value P 


at which the aerodynamic force f becomes equal to the centrifuga? force f: 


ote Tete J ee (8.48) 
“4 %# °#42¢  & R° 
From this 
Bem yf Ate te 
s Sr 1 Ro (8.49) 
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When d, = 100 pe 1074p, R = 5 mand u = 250 m/sec 


Fas = 26,9 y/ St =or2 Were= 90 1/ sete 
The maximzun possible displacement is equal to the product of the relative velo- 
city Ww... and the “ime interval At: 
| AX, ,,= Wynd =e VJ ieee (8.50) 
The time of the drops’ movement through the combustion chamber has the follow- 


ing magnitude: 


At~= ee 


al 
as’ (8.51) 
Here 2 is the length of the combustion chamber; 


n is the relative expansion of the engine 
‘ : ot _ Ss ae a (8.52) 


Axnes___ Vowlt = Wort ty __ 4 te de 
on eV ee RS (8.53) 


k 
The maxim possible relative displacement of the drops, if yr and n are 


In this way 


given, depends only on their diameters and on the radius of rotation, 
The last forma is fur a tentative calculation of the centrifugal cisplacenent 
of the drops in the combustion chambers of helicovter engines. 

The centrifugal forces which act upon the cold air and upon the combustion prod- 
ucts are not similar, since their densities are different. According to the general 
la. of relativity, the movement of hot and cold gases in the field of centrifugal 
forces, may be likened to motion in the field of gravity. The hot gases "float up" 
i>. the direction opposite to that of the actuating forces, while the suspended drops 
and the cold gasus "sink", i.e, move avay from the center of rotation (see Figure 166). 
The denser air masses and the suspended drops move avay fron the axis of rotation, 
while the combustion products with a lesser density anoroach this axis, 

The force which corpels one volume element of hot gas dV -- which has a density 
Yq m4 18 surrounded by cold air with density Yy — to move towards the axis of rota- 
tion, just like the lifting force of gas (in the field of gravity), is equal to: 
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‘fae av, (8.5!;) 

Acceleration j, with which the exazined gas mess dn @ eas will aporoach the 

axis of rotation, is equal to (8.55) 
pot (—1) 5. 

If the initial velocity of the gases in a combustion chamber w= = — and the 
temperature ratio 6@ = : » then the velocity towards the combustion end er be equal 
to o,<0, t= s Je 

The average velocity of the movement of gases through the combustion chamber is 

wg tm (1+ Ff): | 


The sty of gases in the combustion zone At is approximately equal to 


ff 21,4 T, ‘ 
re e 1,+T,' . * (8.56) 


where l, is the length of the combustion zone. 


The saat | variation of the hot gases is 
\ Bum, Bye bok 


7 Ins «7; : Teas T, . 
On the basis of (8.55) and (8.56) the displacement of the hot gases towards the 


axis of rotation veer combustion is approximately equal to 
a 7,—7T, 42n272 


pe: 9 ee 
zal ar a a oo 
The relative displacement of the gases is 
by As 2n Tal c—Ts 92 AL TAT * (8.57) 
4 R (Mr +T,)? D T° 


Here D is the rotor diameter 
: 74+7, 
T.= t ;  § . 


The last formula is suitable for the approximate calculation of the displace- 
ment of the hot jet in the combustion chamber of a helicopter engine. . 

To decrease the relative displacement of the burning stream one must equalize 
the temperature gradient so the temperature difference AT between the combustion 
products and the gas surrounding them would be the least. When AT = 0, Ay = 0. 

After equating Ax to the radius of the combustion chamber ryan, it is 
possible to find the length lored at which the combustion products would be displaced 
from the center of “he combustion chamber to the side. If Ax = ryay, then from 
(8.57) we obtain 
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Me hee Te yf 
Fam a Tent A7 ° (8.58) 


It is necessary to consider the displacement of the hot combustion products 
during the design of helicopter engine conbustion chambers. 

Example. Find the relative length of the combustion zone which is sufficient 
for the hot streams to be displaced from the center out to the side of a helicopter 
combustion chamber, if rye, © 100 m, D= 10m, n = 5; T, = 300° K, and T, * 2,300° K 


AT = Tp — Ty == 2300 — 200 = 20009; Tep = “ih = 1300" K; 


eta yf D1, ft 
fate eV aa ae 


SECTION 11. CHARACTERISTICS OF COMBUSTION CHAMBERS 


The characteristics which describe the dependence of the heat release coeffi- 
cient or combustion efficiency Y sp and the drag coefficient of the combustion chamber 
t upon the air surplus & for a given stagnation pressure of the freed stream flow 
and for a given nozzle area ratio, have the highest importance, 

Such a combustion chamber, in which through the entire operating range of mix- 
ture compositions the combustion efficiency ¥ sg is close to one, Y *il,and drag 
coefficient is close to zero € = 0, is ideal. 

‘“Gaipractice an‘ ideal oombustion chamber could not be built. © 

With an increase of the fuel feed to K< 1 the combustion efficiency decreases 
due to insufficient oxygen. The pressure factor of the combustion chamber 7 y» which 
is dependent on the velocity of the flow, increases with a decrease of the surplus 
air O& because of velocity losses in the beginning of the combustion chamber Wo and 


the decrease of the relative velocity Ap. 


s 
fn increase of the inlet area ratio Sher = a » Which determines the gas flow 
through the chamber, is accompanied by an increase of velocity in the beginning of 
the chamber wo and an increase of the relative velocity roe The local pressure 


losses increase thereby and the combustion efficiency Psg diminishes. 
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with an increase in flight altitude li the -ressure in @ comustuion chame: de- 

creases and may become lower than 760 mi of mercury. During a excessive pressure 

) arop the conditions for carburation and combustion deteriorate and the combustion ef- 
ficiency decreases. Especially noticeable is the drop of Poe with altitude in sub- 
gonic combustion chambers in which the stagnation pressure may exceed the atmospheric 
pressure by no more than 1.8 times. Supersonic combustion charbers, in which the 
stagnation pressure is tens of times greater than that of the atmosphere, maintain 
good combustion efficiency to significantly greater altitudes than do subsonic 
chanbey.. 

With increasing fl-ght velocity the stagnation sressure and te:.crature of the 
| ‘free stream flow are increased. ifith an increase of flight velocity \{, the velocity 
in the beginning of the combustion chamber Wo increases until the relative critical 

| section of the exhaust nozzle remains constant. When M, > 3 the compressibility 
of air becomes so significant, that the necessity to decrease the critical section 


of the engine appears, as was shown in Chapter III for ideal ramjet engines (see 


Figure 54). after passing M, 3 the through sections of the engine must be reduced, 
the velocity in the beginning of the combustion chamber diminishes, but the stagna- ° 
tion pressure and temperature continue to grow. The greater the velocity of the on- 
coming flow M,, the better the combustion conditions in supersonic engines; the 
greater the altitude, the more complete the combustion, and the lesser the drag of 
the chamber. It is more simple to organize combustion in supersonic combustion cham- 
' bers than in subsonic ones. 
The temperature of the boundary layer of a body, which is swept over by a super- 
' sonic flow, is 10-15% less than the stagnation temperature. At supersonic velocities 
the temperature of the outside vilis of the compre.:sion and carburatioir sections of an 
engine is hundreds of degrees above zero, while during a flight in the stratosphere 
at subsonic veiccities, it falls to several tens of degrees below zero. 
The walls of the combustion chamber in the combustion zone are swept over from the 


outside by the air flow, the temerature of which is close to the stagnation tempera- 
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Lure Tc, and from the inside, by the hot gases, whose temperature is close to Tog: 

The cooling of the combustion chamber by the surrounding air is possible, if 
on < 700° K, i.e., when M,< 3.5. During higher flow velocities it is impossible 
to permit direct contact between the combustion products and the walls of the combus- 
vion chamber: it is necessary to arrange this by bigwing aiz along tha.walls: from 
she inside, 

If the unburned gases contact the walls of the chamber the temperature of the 
rases fails below the ignition temperature Tyos9 and combustion ceases -- the pre- 
‘ence of the cold talls lowers the combustion efficiency. Therefore, for a high-effi- 
Leaey: combusticn chamber the intensive cooling of the walls is undesirable. The 
nost advantageous temperature for the inner walls is Tyosp > 800°K,. 


fe 


‘ECTION 12. PULSATIONS IN COMBUSTION CHAMBERS 

The column of air, which is eneiecsd in a combustion chamber at each moment, 
ay oscillate with its natural frequency. The portions of the oscillefing, air 
olumn move parallel to the axis of the combustion chamber (Figure 167a). The move- 
ent of the individual masses of the oscillating gas colum is similar to the move- 
ient of connerted pendulums, the &c¢zamsionnline of which moves along the .axt§ f ‘the 
‘hamber with a velocity of w, equal to the average flow velocity (Figure 167b). 

The velocity at which the pressure impulses pass frpm"ons massvOf ;air :.: ve: 
© another; is equal to the local speed of sound ¢ = VekrT. During the combustion of 
che flow, the temperature of the gases T,anmdtogether with it, the average velocity of 
-he impulse propagation varies. The average speed of sound in the combustion pro- 
‘ucts is always higher than the average speed of the gases' movement through the 
‘ombustion chamber; therefore the masses of gas, which flow through the combustion 
‘hamber, moving from the inlet section to the outlet, successfully accomplish several 
‘omplete oscillations. If the frequency of the impulses which cause the oscillations 


‘oincides with the natural escillation frequency of a gas colwm in a combustion |: 
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ichambey,ithen the: auplitude pf-the oscillations my: become very largds 
The gases, which flow through the chamber, performa complex movement: they 
" move along the combustion chamber at variable velocity and oscillate. The oscilla- 
tion propagation velocity in the chamber is not constant; therefore, the oscillatory 


phenomena which accompany combustion are very complex. It is possible to draw the 


following simple picture in the first approximation. 
la ; 
a 
(-——___-4 
| 
on a A) 4 
é 8 da 6s dr 
a) 


Hee oe te 2 : 
Fig. 167. The oscillation of the air colum in a combustion chamber. 


a ~- a diagram of the chamber, b ~- a mechanical analogy, c -- pressure. 
* and velocity waves. 


Standing waves appear in the flow which passes through a combustion chamber. 
| The average velocity of the flow and the average pressure of the gases in a standing 


| wave vary. The greatest variations of the average velocity -- tweloatty’t. >.’ - 


a, 


Tgalignoligs — take place at the chamber inlet and at the outlet after it. The variation 


e ] : : 


Fig. 168. An oscillogram of the pressures in a combustion chamber. 
& -- quiet combustion, b ~-- rough combustion, c -- pulsating combustion. 


of the flow velocity in the center of the chamber is insignificant: a velocity 
| node is formed in the center of the combustion chamber (Figure 167c). The pressure 
| warlations at the combustion chamber inlet and outlet are insignificant: pressure 
nodes appear on the edges of the chamber. The greatest average pressure v:riations ~~ 
| the pressure antinodes — tale place in the center of the chamber, 
One half of a standing weave fits the air colum, the length of which is equal 
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Genie’ total Jengthi of, the! combustion chamber .2.7. = 
: ' f a . 


a 2° 
It is possible to find the nave) acoustical frequency of the oscillations of 
an air coluan f,.), from the know ratio 


Saget an 1 \ 
nie ~~ i a 


where Cer is the average velocity of sound for the entire chamber. 
When k = 1.) and R © 29.3'kg m/kg degree: 
| : f= VT, Weer. 
If =m2>'m and Tg 40F K, fut oY 400 765 =100 1/sec 
With an  Anerenee of the average Saeshats of the gases Ter» their natural: frequency 


The oscillations of the air in a combustion chamber at a frequency of f,.,) may 
be measured with the aid of an oscillograph (Figure 165). In the absence of combus- 
tion the amplitudes of the velocities and pressures Aw and Ap are insignificant in 
comparison with the average velocity Ven and the average pressure in the chamber p,, 
(Figure 168a). 

The combustion process usually increases the amplitude of trei}iationsiof!'.-_- 
gases in a combustion chamber. If the amplitudes of pressure during combustion and 
during the absence of combustion are approximately the same, the combustion is called 
quiet (Figure 168a). If the amplitudes of the oscillations increase several times 
during combustion, but remain substantially less than the average pressure in the 
chamber, the combustion is called "rough" (Figure 168b). Rough combustion is accom- 
panied by a loud noise. If the amplitudes of the pressure become ddimansurabte ‘with the 
‘everage exshes preswure in the oombustion chamber, the combustion is'called.pulsating | 
(Figure 168c). the pulsations of the pressure cause a heavy jolting and may lead to 
engine break-up. Rough and pulsating combustions are inadmissable in ramjet engines. 

_ In order to predict in each concrete instance, what changes:in heabirg «.'-s ~ 
will be caused by the velocity variations of the flow, it is necessary to have 4 


an exhaustive understanding about the processes in the combustion sone. 


F=TS-970/V 303 


Contemporary inforzation about turbulent combustion is insufficient for this. 
fhe formation of turbulent cocbustion is usually sudden in each definite case. The 
pulsations are stopped by shortening the length of the combustion chamber, by chang- 
ing the composition and temperature of the mixture, and by changing the shape of the 
flame-holders and the relative location of the flame-holders and the injectors. 

One of the basic reasons for the formation of rough and pulsating combustion is 
carburation during the combustion of a two-phase homogeneous mixture. Actually, 
during operation on very rich mixtures, the mixture in the flame-holder area may go 
out of the ignition limits during a chance increase of the fuel concentrations (for 
example, during a pressure increase of the fuel feed or during a decrease in the air 
output). Combustion deteriorates or ceases. The combustion efficiency decreases, 
the flow velocity grows, the dispersion and evaporability of the ruel improves, and 
the dispersion jet constricts. 

If the increase of the fuel flow seems greater than the increase of the air 
flow, the mixture is enriched still further and a rich blowout occurs: combustion 
ceases. If the effect of the increase of the air consumption will be stronger than 
the effect of the increase of the fuel concentrations, the mixture becomes lean, 
enters the ignition limits, and combustion is restored. The thermal resistance in- 
creases, the air flow decreases, and the mixture again leaves the ignition limits; 
combustion deteriorates etc. Rough combustion appears, which, if it envelopes the 
entire flame-holder, is transformed into pulsating combustion. 

If during operation on very lean mixtures, a deterioration of the combustion 
or a lean blow-out occurs, then the flow velocity increases, the dispersion (which 
was poor on lean mixtures) is improved, the evaporability increases, and the jet 
constricts. If the effect of the increase of the fuel concentrations will be strong- 
er than the effect of the increase of the air flow, the mixture enters the ignition 
limits and combustion is renewed. The velocity decreases, the dispersion deteriorates, 
the fuel content is lowered, and combustion again ceases, etc. Rough combustion be- 


gins, which may be transformed into pulsating combustion. 
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CHAPTER IX 
SUBSONIC RAMJET ENGINES 


ee ramjet engines ere intended for flights with velocities that are less 
aan th ed of sound: wyp<c; ¥,<1; A,<1l. 
The stagration pressure of the oncoming flow exceeds the pressure of the atmos- 
here not more than 1.89 times during subsonic flight velocities: 
\ & é 
{ —— — 
Pow [yp B=! yl! (A354) sna. 
rae (ae my) '<(-3 


Therefore, the thermal efficiency of a subsonic engine is not great: 
e-1 
=1—(£4) * ee Pah Be! 201675 
* Fu atl < a+l me 


The total efficiency of a subsonic ramjet engine N does not exceed 7%. 


The specific thrust of a subsonic ramjet engine is low even during the most 

iitable operating conditions: 
! 1g FR = OTT < 1000 

With a decrease of flight velocity the efficiency and specific thrust of a 
ibsonic ramjet engine quickly diminish. Therefore, at those velocities, which — 
-e less than half the speed of sound, ramjet engines are not used. 

The jet thrust of a subsonic ramjet engine changes approximately in proportion 
2 the square of the flight speed; when w, = 0, the static thrust equals zero: a 
wmjet engine is incapable of self-starting. Rocket and turbo-jet boosters are used 


or atarting aircraft equipped with ramjet engines. 


SCTION 1. THE PRINCIPLE DIAGRAM OF A SUBSONIC RAMJET ENGINE 

A subsonic ramjet engine consists of a divergent subsonic diffuser, a combus- 
ion chamber, and a convergent exhaust nogzle (Figure 169). The stagnation pressure 
Cf the oncoming flow is less than critical. A portion of the disposable velocity goes 
fe) overcome local resistances and to boost the preheated gases. Therefore, the stag- 
ation pressure ahead of the exit from a subsonic ramjet engine P03» is less than the 
tagnation pressure of the oncoming flow Pon» and always substantially less than 
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critical; the velocity of the exhaust gases is less than the speed of sound: 
M), = K M, Cae 


\ t ww ama Muramenncyemon BP). 
Fig. 169. An actual subsonic ramjet engine. 
a -~ a diagram of the velocities, temperatures, and pressure along the 
engine duct, 
b -- diagram of the pressures on the walls, c -~ direction of the actuat- 
ing forces, d -- p-v and j-e diagrams of the operating cyclo of an engine. 
Legend: a) cycle of an ideal engine; B) cycle of an engine with losses calculated. 


The velocity at the inlet section is not equal to the flight velocity: 
s 
vy, > w,- With a small relative exhaust section 3 or for a large relative pre- 


\ 


heating of the gases 6 = nat the air flow G through the engine is low and the 
velocity at the inlet w, is less than the velocity of the oncoming flow: w)< w,; 
the diffuser operates with external ramming. Withan increase of the exhaust section 
of the engine S), or with a decrease of the relative preheating 6, the air flow G 
through the engine increases, the velocity at the diffuser inlet increases and may 


become greater than the velocity of the oncoming flow w,, but may not exceed the 
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speed of sound 4, S Ms 1. 

The x‘low through the diffuser is accompanied by losses which have their great- 
est value ti.. greater the velocity is at the inlet to the engine w,. The stagnation 
pressure of the oncoming flow at the diffuser exhaust is less than the stagnation 


pressure of the oncoming flow: 
ow Et. <1. 
in 


Turbulence rings, fuel daiectors, ignition wnits, and flame-holders are install- 
ed at the inlet to the combustion chamber. The static air pr2ssure grows during the 
flow through the diffuser: po> p,, but during the flow around the local burner re- 
sistances somewhat decreases. During preheating in the combustion chamber, the flow 
velocity of the gases increases and the stagnation pressure and static pressure de- 


crease. . Ta>Te Wu > Os Pee <l,: 


The pressure of the gases in the exhaust noszle lovers to approximately that 
of the back pressure: P), ** Ps the flow velocity increases, remaining less than the 
local speed of sound: eee ee ee 
warke, VO<c,. 


With a sufficiently large preheating @, the flow velocity i, becomes greater 


than the velocity of the oncoming flows 
; Sin KYID 1. 


Because of the ieereageds axount. of the air's _Bovenent » jet thrust R appears : 


Sha Ft = 
Hen 24 — Sete 4 59,7). 


The flow rate of the gases through a subsonic ramjet engine is determined by 
the relative stagnation pressure after «xhwst » the temperature of the gases 


+ eee 


Tous and the cross-section of the exhaust nozzle S),? 
en = 
3 


hk 
mrs Tart) —(2) 
The velocity of the flow, which flows around the forward edge of the diffuser 


shell increases and its pressure decreases (see Figure 169h). A vacuum may appear 
on the profiled outline of the shell close to the inlet opening. The pressure inside 
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the diffuser increases and becomes greater than that of the atmosphere. The force of 
the excess pressure, which acts on the inner surface of the diffuser, is oriented in 
the direction of motion. The surplus pressure forces, which act on the side walls 
from within, mitually equalize themselves. The surplus pressure forces, which act on 
the inner walls of the nozzle, are oriented in the direction opposite to that of the 
flight (Figure 169c). 

The jet thrust of a ramiet engine, which is equal to the difference between ths 
forces of the surplus pressure, applied to the inner walls of the diffuser and noszle 
and the additive drag of the diffuser Laops is applied to the diffuser, This cir- 
cumstance should be studied in designing. 


SECTION 2. THE GAS DYNAMICS OF A SUBSONIC RAMJ&T ENGINE 

It is necessary to have the following data for the gas dynamic calculation of a 
subsonic ramjet engine: inlet, midship, and exhaust cross sections of the engine 
$1, Sy; and S13 the parameters of the oncoming flow M, (or An) » Py and Tp; the drag 
coefficient of the combustion chamber ¢ » the pressure recovery in the diffuser 
O 4s and the pressure ratio of the nozzle O,. 

In the gas dynamic calculations a series cf the possible values of the temer- 


ature ratio © are cot up? 
Can Zee 
! Te er es (9.1) 


The stagnation enthalpy of the engine is constant, on all portions up to the 
heat supply: 


+ egy he he (942) 
. . ry : 
The mecific heat of the air is practically constant, consequently, the stagna- 


won temperature before combustion is constant: — 
Ty Ty = TT aa 
“feat losses through the engine walls are usually comparatively low, | 
therefore, it 1s possible to assume that the enthalpy of the combustion products also 


remains constant: 


ba bos = hoe (9h) 
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Coal a= Cal on = One] gy 
Sah ee 


) If the change of heat capacity is disregarded during the acting ahen 


Farias 
The stagnation temperatures after combustion may be considered as constant. only 
insofar as exhaust gases may be disregarded. In reality, the thermdmamic tenpera- 
ture, and consequently, the heat capacity, decrease. 
The stagnation parameters of the oncowing flow Ty, Pos and Yon are determined 


from graphs of the = dynamic functions or by the known formulae: 


eat =1— jah De (945) 
B=Q)= Hb =f -. (9.6) 
o Ree Q=hauie=[1 ae! (9.7) 
The dtianation ore ssure. at the aiffuser outlet is ; 
7. . = e 
rr ey a") (9.8) 


The stagnation pressure before combustion DBE ¥g2° UDB; "ad pends tix the ter 


Coded 


ehdiags Welpedty A,-and’on the local drag: factor 4 (see- 7.17). 
\ oo Bee 
at — Fhe _ : (9.9) 
The relatiw seloeixy behind the flame-holder A," is: 
I ROT Pia S 
i ‘ ¢0)) 
oy, ete 
The lowering of the stagnation pressure during combustion is determined by the 


equation (8.1) 2 


a ee ene OOD 
oe sto” aaaeoe cae 


Here é, 6: 
7 ct | — aE —= = &+1 8 Ry 
5 as sa 0, : bt+l& R° (9.11) 


. ) z 
The relative velocity after combustion A3 is also as yet wnknow. 
The relative stagnation pressure after exit is 


ae 


(9.12) 
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. Bos 4 Ce ee ae i) 
Pa (7.13) 


oe 


The relative velocity at the nozzle éxheus. AL _ da: 


Veta 


nti) * | =». (91h) 


he— fj. #08 


The gas dynamic coeffictent of a 8 Fanjet engine is 
1 


_1y/ a Ath! [ —[2e1" ae ’ (9.15) 


The flow rate of ue gases through the exhaust nozzle ee 2.49 and 2.7k) is 


See eee a 
= V __ rte py a 
SiPu (te — 1) RT ati |(44) : 


4 —2eh__ ? @ i e 6 
i 4 a | rt Re ft : ye) 


We find the relative velocity “shead.aft ‘the po: by the conti nuity equation: 


— ; a ia Gas, - 7 


rll 


__2ghe PuSPe(td / ae ___2ghe __praSyzt Qy) 
(tet I) Re a, ic (te + 1)R, Peete Tor 
From this | 


(9.17) 
If the engine is totally open: 5S), = S45 then A; = Aye The greater the de- 
grue of constriction of the engine m = 53 


= the 


lesser the ratio = (Figure 170). 
h 
If Ay = 1, the equation (9.17) gives (2.53). 


We fii.1 the relative velocity before combustion by the equation (8.50): 


ee ag 1 -/ ey iy 
—| Vi(nt5.) “abt 55) ae (9.38) 
When rA,€1 and 3 €1: ~ = BE Ve. 
pin solving this system of six eqatdons (9.9)5 (9.10); (9.12); (9.1); 


) (9.17); and (9.18) it is possible to find all the parameters of a subsonic ramjet 
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“02e=28 
tate 


VAL 


aS 


aa 
jinn 


COPA ag 


STITT] 


42 3 is 16 a?) BODO 


Fig. 170. The dependence of the relative velocity ahead of the nozzle upon the rela: 
tive velocity at the end of the nozzle. 
However, this system boils down to an equation with fradtiondl “xponents} “the ¢ 
braic solution of which is not possible. Therefore, a gas dynamic computation of a 


subsonic ramjet erzine is usually carried out by method of successive approximatio: 


SsCTION 3. A METHOD OF SUCCESSIVE APPROXIMATIONS 
The parameters of the free stream flow A,, py, and T_, the factors 9, C, 
and O,, and the engine cross sections S), S,, and S), must be known. We will set up 
the temperature ratio of the gases in the chamber: 
tT 
8. 
1 
Let A, = 9-9, Py = 1h0 mm of mercury, and T, = 216.5° K, o.-5 0.953 ¢ 3 
O, = 0.97; 8, = 0.3 23S = 1a’, 5, 20.7 n°; B7. 
We will calculate the stagnation parameters of the free strean flow 


| %}" 1 1 1 1. f 
al Ld = ER ——— 159, 
a ery eae CS ons 


Taqi® Oe 6 


—— toe! 1,159 = 1,665, 
Lol oped | 


\ 1 
| Mapa[sy] abt. 
Th stagnation enthalpy of the oncoming flow is 
fe Bote 04-2108 6 Keo _ 
ee ee ee 60 kcal/kg 


a 
Mf #0) 


\ 
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The stagnation temperature after combustion is 
Tem tTa 7 - 216,5 - 1,159= 1760° K. 


Wbre. at this Penerstute according to Figure & 86b, kp 1. 0323 29.5; Bo 1.0h. 


es Aad Ae 1017 : 
het+i R V 1322493 °° : 


ee 


Noting that the relative velocity at the exhaust differs slightly from the re- 


lative velocity of the oncoming flow: Xx =k An 2 0.9A,, and after using the graph, 
which is depicted on Figure 170, or the equation (9.17), we find the first approxi- 
mation of the reduzed velocity ahead of the exit A3: 

= f(t ,)=0.48. 


The gas dynamic function is 
‘ 1 


ny =(1 —$:5 0,48")"* ~0,902. 


Me ach even nalaiice mae 


& 
le 
ae 

r 


The relative velocity before combustion, in accordance with (9.18), is 


le= JI — VIP — 1=3,455 — V3.455" — 1 = 0,148. 


The pressure coefficient during the flow around the internal units of the com- 
bustion chamber and the relative velocity before the flame-holder are found by solution 


ef tha graphic equation 


From this " 


ees ee ce 


de=0,145; Oma=0,962, 


The pressure Preservation factor during combustion (see 8.l) is 


oo OV 12 J,O171,067.0,148-0,901 _ | 


. e dee Qs) 0,48-0,902 ee 
The total pressure recovery factor in the engine is 


; Bug = 9,90 Fee, 2 0,95-0,962-0,95-0,97 = 0,84. 
The relative stagnation pressure ahead wf the nozale is::' 


—— he 


ne ae BS 04g PH 20,84. 1,585 = 1,405. 
4 Pe Pa 


Poo™=Pa Pt <= 140-1,405- 13,6 = 2670 xe[a. 


\ “~ 7% wwe. 
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were a wee Tea Vi LEE EXIIAUSUL gases SPUE Cc» (2) 26. 


| nV eetf(ay*] \*]- 
| Pa 
| 7 sel '~(ra) "=o . 
The gas dynamic function is ———- 


#Qx)= (1-2 a il ahi) =(1-3 a = ie 


After determining the relative velocity of the eghaust Sivas A}, in the 
first approximation, we will find a more exact value of the relative velocity 
ahead of the nozzle »y tne equation (9.17) or by the graph in Figure 170: A3 = 0.)6. 
We will repeat the calculations, using the value of 3 that is found. 

By a certain practice in the selection of the initial values of the relative 
velocity ahead of the nozzleA3, one succeeds in obtaining a satisfactory coincidence 
already in the second approximation. 


The gas dynamic factor of a ramjet engine is 


0,78 76 
Kei e708. 


The flow rate steae the engine is determined by the formula (9.16) 


—-—— es ee see eee, 


AQ ___2ghe___ _powSg e = 
Oree™ V Get+l)R, v Te d,2(A,) 


af 22%. MN07 070-7 166 he /cee: 


2,%-29,5 
Knowing the relative velocity at the axit Ay and the flow rate of the gases 


jgass it is possible to find the fuel flow and thrust parameters of the engine. 


SECTION h. THE CALCULATION OF THE THRUST PARAMETERS OF AN ACTUAL RAMJET ENGINE 

After the relative velocity at the exit A, and the flow rate of the gases 
igag have been determined, it is possible to find the fuel flow G, that is necessary 
Lo obtain a given temperaturs rato 6, the composition of the mixture, and the thrust 
rarameters of the engine RK, cp, I, and Nh. 


‘The héating value of the fuel that is used in the engine is denoted by Hy. 
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‘ae amOunl O1 air tneorevicaily requrrea LOr COMsuslsyn 25 we ers oy 
According to the law of the conservation of energy 


b= be + rete (9.49; 


where Peg is the combustion efficiency determined by the combustion chamber arra’ - 
ment. 


E: ) 
Okh 1760° K is found by 


theii-T diagram without allowance for. dissociation (see Figure 85) while cetting up 


The enthalpy of the combustion products when Tos = 6T 


the possible value of the surplus air A ~ 2, 
ber=] (Tor, a). 
log™ 490 kcal/kg 


(9.2L) 


From (9.19) we find ’ F 
Haver ee 
(ign —igndL OL’ (9.21) 


When Gg, = 0.95, H,=10,300 kcal/kg; L = 1h.9 and ig, = 52; f= 1.78. 


The coefficient is 

_ P=i+—-= 1,087, 
The fuel flow is 

a er (9.22) 
The air flow G, is 
. €0i2G=0 ra (1- GE) =F = Se 
- +c . 
; . * ; (9.23) 
fhe velocity of the free stream flow is 


hes 2etRTo _, , / __26kRTs _2gkRTs 
”. _ k+l atid (e+ Ith) ise oY 


a : 


’ - Te 218.8 _ pe40 


, @= 18,3 VY 25] = 290. ao w rarer er m/sec. 
The relative et qncnease during discherge is 


a 
“AVE Te awys (9.2) 


: = [1,35 24 29.5 
: wey 1,4 2,35 29 a= oe 


Jot tarust K is determined by the equation (2.91) 
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t= oer one +5(Pe—Pad- 


The static pressure et the en edge of a oe acaubcnle engine may only be found 
experimentally. It usually exceeds the pressure of the surrounding medium insignifi- 
cantly. “For calcukepions At is assumed that 

Py” Pp 
Then 
ga Gow (p+ —1)= Sea (pK VO—1). (9.25) 


- & Wy 
For oar exauple 


R= —16:8:251_ (1 037.2,99—1) = 600 kee 


" 1,037-9, 84 
or else : , = Soave Seas (1 
i 
re 
ae £ (i- mvi D Tyr) 


3 (9.26) 


We will use the formula (9.16) for the flow rate of the gases, an: ex~ 


press the velocity w, by the relative and critical velocities: 


t ’ 


se k+l] VYRTq ’ 


2gk 
v= —S—.. ff . 
| ah, V b+) Kl 
Puy r4 s ealeoe 
After simple conversions, » we as a formula in which jet thrust is ex-_ ,’ 


pressed only by the initial velues: 


ar rs a ey 
/ : a +1 ya et Kat rate 
_&t+! 


The frontal, or — thrust Ry is: 


as at, KMS ) (9.28) 
“yat= he mt (Kay) val: 


Si 


a Sy 
Wher the difference decreases 1 - 1 the thrust diminishes. The re 
Bcxvo 


(9.27) 


Here 


tive temperature ratio, at which thrust reverts to zero, is 
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u 
Sipe at * (9.29) 


At low temperature ratios x-v1,.A #1, and KK» 0.8. In this case &p 26 
1.57. 
After expressing the dynamic head as a function of relative velocity A,, and 


the atmospheric pressure p,, we will find the thrust coefficient of a subsonic ran- 
jet engine cp by (see 2.70): 


= = 230 
Cee a es (9.30) 
Comet ee Kt Q) fp_ i: 
Rd etl ok om (Kg) 2K Yt 
wn 2 Raye tC) : 
“ER =(Ka) LE vel: (9.31) 


Rere R and R, are the gas constants of the fresh air and the combustion pro- 


ducts. 


For an ideal ramjet engine x = 1; K = 1; Ay, 2 Au and R = Res consequently, 


; 9 1— 1 ) 
fan =—( sye] 
We obtained this last formula in Chapter IIT by another method. 


During an unlimited temperature ratio§ > 00, the thrust coefficient asympto- 
tically approaches the limiting value 


‘ es DuIK2R: (a) 
Rogen Rt (Kied 


(9.32) 


When n= 1, K = 0.9, Re = R, and x = 0.9 -- Capred <1.3. 


The economy of the engine is characterized by the specific thrust I: 


aR Reh Me) 
; Y G 0. Ges bd (9.33) 
After utilizing the thrust formula (9.25), we obtain 


jee) 
teal V/ 14 ee). (9.3) 


(1 + al) ep: To 
During a leaning out of the mixture, i.e., during an increase of the excess 


air &, the first factor in the specific thrust equation grows, and the second factor 
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diminishes. The surplus of air, at which the specific thrust reaches its maximum 
Value, is called the state of maximum economy (see Section 5). 
The specific thrust of the fuel C,, i.e., the fuel consumption per hour per 


kizogram of thrust, is: 


& 


c= 


, - (9.35) 

The specific fuel consumption becomes least during a condition of maximm eco- 
TORY « 

With diminishing temperature ratio, i.e., by increasing a, the ges dynamic 
factor of a ramjet engine decreases due to the increased losses in the diffuser and 
in the flow around local resistances (flame-holder), It is not advisable, therefore, 
- to lean out the mixture to A > hk, 

The total efficiency of an actual ramjet engine is measured by the ratio of 
the thrust power, which is developed by the engine, to the energy, introduced into 
the engine per second together with the fuel: 


Ne _ ANser Atwater Re 
Qe = OE eS LO e 
“. Nq He egg (Sar — Te) AR os (=-1) (9.36) 
after noting that — a—) "7%, 
| Te ot, 
7 Tes 
; & & 4 ®, 
2 | 
| Mo KYI 
we obtain 
aa Ctr WKY I —1 
But mf 
e i. = &—1 3 
4 ; ger ani 2My as: 
she ‘ (9.37) 
Consequently, aia 
lm a—! f=i : 
| etch, EL + eae (9.38) 


The first fraction represents the thermal efficiency of an ideal ramjet engine 


ths second frection may be called the active thrust efficiency: 
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_obtkYt~i 


ew. a=2 ey fer (9.39) 
) For an ideal ramjet engine: Fee =1,x°1, andK *1. When § = 1, we obtain 
~2¥ i! = 2 . ‘ 
a “Ti Coe (9240) 


eee 


The thrust efficiency of an actual ramjet saci goes to sero when bx KV6- 1, 
i.e., when 
1 
panei (9.41) 
For an ideal ramjet engine 6 pred * 


The specific thrust of a ramjet engine is connected with the overall efficiency: 


—— Ahn Alwy 
"Ore = He 
fe Hed Hen ee 
AWsz Aasha 
I= gtx! Me de OK Oa dy (9.43) 


ati A a, §(¢—}) 
The specific thrust is directly proportional to the heating value of the 


fuel H, and depends on the relative flight velocity An the gas dynamic factor K, 
and on the temperature ratio 6. at a certain optimum temperature ratio Bont the 
specific thrust and the thrust efficiency reach maximum (see Section 5). The thermal 
efficiency Nea of an ideal ramjet engine does not depend on the temperature ratio. 
Example. Find the efficiency of a subsonic ramjet engine if A, ° 0.9; @ = 7; 
x = 0.97; K = 0.87; p = 1.0373 and Ys, = 1. 
The ideal thermal efficiency is 


k—1 j 
M2 we —— we 0,135, 


hier So 6 
The active thrust } efficiency is 
rare a 2 Gey OK OHI bx vent wn 9 1:057-0,97-0,87YT— 1 gay 


T—1 
The total efficiency ‘ 
4™ Water ™ 0, 135-0, 437 = 0,059. 
SECTION S. THE STATS OF MAXIMUM ECONOMY 
To compute the surplus air factor at which the specific thrust of an engine 
reaches its maximum value, we will express the specific thrust by the surplus air 


factor o /see (9.3h)7. 
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we On| ek He 
.¢ e ark ae KY : (9 4h) 


3 or elses ere ee : 
Herta a! 
! ”G ard aiehed Ar ee . -sy+1]. ee! 
We will “Untroduce the designation 
1+el—a; Fite =t, (9.46) 
4 
Then 
| dae aK Var Fat—a+ 1}. (9.47) 


To determine the state of maximum economy we will find the derivative from I 
‘ With. respect to a and ae Jt to zero: 


= | Ae 1]=0. . (9.48) 
From this 
*Ko-+—K=V a’ + at 
or else wit 
, 
af -+- af — a—3a =0, 
After solving this — eauation » we find 
ated eae a ie) 
ep T— 2K? 2ep Ton § 
The surplus. of air, “which corresponds to the state of maximum economy, is 
: : : woe — finer 1 as 4 . 
tat 7h Sl ae i] L*: (9.50) 
The optimum temperature ratio is: 
pe Heer 2VI=aRT 
a Ginellafat i et 
° eat 7 1— /{— wk ~ 
When xK = 1; ent" 1; and Cont = 00; when K +0; Pont? 00 « 


We will note here that the temperature ratio depends only on the gas dynamic 
factor of a ramjet engine and depends neither on the parameters of the fuel nor on 
We Fight ‘velocity, or the param eter of the surrounding atmsphers. 

In a state of maximum economy it may be accepted that 

Popt 2 

The specific thrust in 2 state of maximum economy is determined from the equa- 

tions (9b and 9.49): 
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Femme 7 [(1 + Gach) — 1] [2K VO — 11, 


a | Meter 1 — VT WRT 14 VI—wKE 
Va CLT = 7 1—wKT | 1— Taxi i]. (9.52) 


The thrust efficiency in a state of ‘maximum: economy is found by substituting 


(9.51) in (9.39) and after gees aan conversions: 
7 pK k=! ee eee 
Ora Ty tr bVi=aK)t 


When A= 1 and Y-= 1, an 21 -Vi-x*? 
Thrust efficiency as a function of the gas dynamic factor of a ramjet engine K 


(9.53) 


is depictea in Table 9.1. 
Table 9.1 


THE DEPENDENCE OF THE OPTIMUM PARAMETERS OF A RAMJET ENGINE ON THE GAS DYNAMIC FACTOR 
Ks = when x= 1, Aq = 0695 Th = 216.59 Ks Bw 1; Reag = 06135. 


\ \ K 0,95 0,90 0,85 0,80 07%... ' 

vy Ik 0,31 0,434 0,524 0,60 0,663 
(arerdone 0, 0, 566 0,476 0,400 0,337 

oar 1,04 2,53 3,2 46 4,92 

(3) —xye | 2] 10 1,52 1,60 1,68 

{ \@a / ear 
I+eenr £ 178 107 7 85 41,5 
ess 12 7,15 4,96 3,62 3,% 
| om 1530 1230 1040 878 70 

\ Cekefkg hr | 2,35 2,93 3,46 4,u1 4,93 


‘ 
Noe 


&t any give. flight velocity An or M_, after determining the gas dynamic factor 
K, it is possible to choose a iemperature ratio so that the specific thrust and the 
thrust and total efficiencies would be the greatest. 

With an increase of flight velocity the thermal and overall efficiencier in- 
ae in direct proportion to the square of the relative flight velocity An: When 
Ma “Eth Neaat 2 

With a decrease of K the specific thrust of an engine quickly diminishes. Dur- 
ing a decrease of K from 0.9 to 0.8 the specific thrust diminishes by 02. 


‘She relative discharge velocity in a state of macimyt @ebrioity is:  * 
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(@L Kaki / Tye (95h) 


ee ees ee 


The relative eceatn of velocity in a state of saximum economy depends only on 
the gar dynamic factor K. If wKom I ther{-Ct) 1. 3 | 

It is seen from Table 9.1 that to increase the econony of the engine at high 
gas dynamic factors, it is advisableto strongly lean wut the xéxture. It is necessary 
to consider that ‘p-eignificant7leaiing out causes the thrngt end therthrnst-cootft- 
tient to drop, If the thrust factor C, becozes less than the external resistance 
factor of the engine shell c, : Cp <C,, then the ramjet engine will not only de un- 
suitable to serve as an aircraft engine, but may even not be able to move itself. 
Therefore it is practically impossible to operate during large d's. 

The greater tne degree of constriction in the engine 1 = es the lesser the 
relative velocities A, and Aj. the lesser the losses in the engine, the greater the 
total pressure recovery T,p and the gas dynamic factor K, but the lesser the engine 
thrust factor Cp and the tranaverse thrust Ry. 

In this way, the geometric parameter of an engine » = at shows a substantial 
effect on the thrust parameters and optimum air surplus. 

Foreign subsonic ramjet engines, for example, the American Billar helicopter 
engine or Marquardt's engine, which are installed in target drones of the Gorgon IV 


type (seo Figure 17a), have a low degree of constriction: mylel. 


SBCTION 6. CONTROL CHARACTERISTICS OF SUBSONIC RAMJET ENGINES 

The control of rubsonic ramjet engines may be accomplished by varying the fuel 
supply. During the enrichment of the mixture to of© 1, the temperature of the combus- 
tion products and the texperature ratio incre’.se. The mass flow rate of the gases 
changes in accordance with (9.16) approximately in inverse proportion to V7, 

Q, =V gtx ats x apes q(h,) (9.55) 

The relative velocity of the exhaust gases Ay veries insignificantly, since 

the losess in heat dispersion increase and the losses in the diffuser and local 


lesses decreases the overall pressure recovery remains almost constant 
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Tob = Tn sg %s ™ const. 


The discharge velocity Wj, grows approz* ="tely in direct proportion to Tog! 


aw en 


The stagnation impulse of the free stream flow decreases because of the de- 


crease of the air flow rate. Additional ‘drag of the diffuser grows. 

The impulse of the exhaust gases, as it follows from (9.55) ad (9.56) does not 
depend on the temperature of the gases (or on fuel feed), since an increase of the 
exit velocity is compensated by 2 equally large air flow rate: 

Fea = TEt a 28h. SAPS BS pM. =, (957) 

Jet thrust slowly increases with the growth of heating because of the decrease 
ef the braking imoulse of the oncoming flow (9.27). 

In certain cases thrust may be conveniently expressed by the Mach number: 

Ba 4 _ Ses Sp Mi— BS PM (9.58) 

The cross section of the stream tube flow is expressed by the flow fate fao-.- 
tor &: 

n™ $52 
According to Kiselev's formula 


ui i k=S, [2.6Pou (M— 1) . (.)—Pal — Si [Pou Qi 1) ‘ (4) —P,l- 3299) 
Here P48 the static pressure of the undisturbed flow, which acts upon the shell; 


Po, isthe stagnation pressure of the oncoming flows 
Ay is the relative velocity at the engine inlet; 
S$) and S), are the engine terminal sections; 
Cop 2 Sy Sn%, Sg 0, is the total pressure recovery of a ramjet engine. 
During an incresse of the fvel feed, the thrust force grows because of the de- 
crease of air cons:mpticn, i.e., because of the decrease of relative: velocity at 
the inlet Ay and becaure of the increase of stagnation pressure after the exit 
Pu: en increase of po), is accompanied by a decrease of Aye 
The thrust factor of a ramjet engine Cp varies during a change in the fuel flow 


rate just as the thrust R » because we consider the flight velocity and altitude : 
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ao VULISULENUS « 

The curves that depict the dependence of the thrust parameters of a ramjet en- 
gine upon the fuel flow rate Gg (or on the surplus air factor X) are called the control 
Sharacteristics (Figure 171). Owing to the fact that the supply of a liquid fuel is 
usually regulated by means of throttling the fuel line, the control characteristics 
of a ramjet engine are called the throttle characteristics. 

The form of the control characteristics depends upon the flight altitude and 


velocity M,and H, upon the fuel parameters, and upon the factors oy, c C., and 


te 


| if 
7 ae 


Fig. 171. The control characteristics of a subsonic ranjet engine. 


During a leaning out of the mixture the thrust force R and the thrust factor 
Cy slowly diminish at first. When Q are large the velocities A, and Ap, and the 
losses along the engine duct quickly au: the pressure ahsparot: Hhefuorale-decueases _ 
and the thrust parameters Sbiinish sapadiy. 7 

The specific thrust of a ramjet engine I is equal to 


ee ere oo oe 
x. 8% ee (9.60) 
During an increase of the surplus air the first of the factors grows, but the 
second --B Mu » ] -- decreases because of the decrease of the relative growth of the 
velocity ae (see Section 5). During «: Fearing: out of the mixture the ee forces 
diminish slowly at first; therefore the specific thrust increases, passes the maximm 


and then, as the thrust begins to diminish rapidly (faster than thé fuel: flow-rate), 
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also begins to decrease. The total pressure recovery Cop» during a strong leaning 
out of the mixture, decreases because of the increase of A» and the increase of the 
losses in the diffuser and on the local burner resistances. The combustion efficiency 
is mad mum when the surplus air is somewhat greater then one. 

it is immaterial for the aircraft designer at what cost were any of the param 
eters achieved -- important for him are only the thrust coefficient Ca and the spe- 
' edfic thrust I, Therefore, the control characteristic is often represented in the 
form of curve Cp = f(I) (Figure 172). 

The calculati n of the control characteristics is accomplished by method of 
successive approximations, stated in Section 3, according to the flow parameters w ’ 


n 
Pn» and Ty, coefficients O74, ¢, O,, and Pogo the fuel parameters 1, and L, and 


the degree of engine constriction m= =" 
i; 


ee ee ee Ce Ore 
Fig. 172. The depenaence of the specific thrust upon the thrust coefficient. 
SECTION 7. THE VELOCITY CHARACTERISTICS OF SUBSONIC RAMJET ENGINES 

During a variation of the flight velocity the stagnation temperature and pres- 
sure of the flow, which enters the diffuser, change and together with then, all the 
thrust parameters of the engine change. The dependence of the parameters of a rar- 
jet. engine on the flight velocity, on the Mach number of the flight or on the rela- 
tive velocity A are called the velocity characteristics of a ramjet engine (Figure 
173). 

‘With an increase of the flight velocity w,, the relative velocity Ay increases 


and the flow rate of the gases increases. After using (9.6 and 9.16), we obtain 
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2h, at, puSe 
a V wie en A Vis wor Rn Re vr, M < (9.61) 
ani eroee that the composition the composition of the mixture renaine ¢ remains constant during a varia- 


tion in flight velocity, the engine must be equipped with a regulator which varies 
the fuel supply in proportion to the air imput, i1.¢., approximately in proportion to 
Mj, 

The relative velocities along the duct of the engine A, and Ag increase with an 
increase of An: The pressure factors decrease (9.9) during the flow around local 
resistances Or and the diffuser O° The stagnation temperature and pressure To, 


and Po, grow and the temperatura ratio decreases: 


HyrestQa) 
epT Al-+eL) ry ; : (9.62) 


The pressure recovery during combustion Osg (IX, 2, 10) increases because of 


gee ZO S 
: eae wel] + 


the decrease of the temperature ratio and the decrease of the velocity of the combus- 
tion products. The total pressure recovery Sob and the ,.s dynamic factor K of a 
subsonic ramjet engine changes insignificantly with an increase of velocity. The 


ratios at and —4 remain constant in the first approximation. 
n n 


My 
Fig. 173. The euiseity statseeeine. of a subsonic ramjet engine. 


At first, while the temperature ratio remains practically constant, the thrust 


of a subsonic pene engine changes proportionally to Mz”: 


= Se1 Save My Se ; 

a =HSMi(t r— #). (9.63) 
During a further re. of an 9. “re, decreases » the relative section 

of the stream tube flow =o PIS} increases and the thrust increase slows down. 


The thrust coefficient slowly decreases with an increase of velocity because of 
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the decrease of K and the temperature ratio § (see Figure 173): 
: ‘ WK? <cA,)R. 1 : , 6 
' ¢2=>> —— — 1— . (9. h) 
7 Te KYO J” 


The specific thrust of a subsonic ranjet engine increases with an increase of 


velocity due to the increase of the stagnation pressure after the exit po), and the 


increase of the thermal efficiency Ny although 9 decreases insignificantly: 


\ a-' bot! e : 
yet (2) fee, (9-65) 
Pu €o5 
7 _ t= Sete VO —1). . (9.66) 


The optimum heating 8 opt increases during an increase of flight velocity Mn 


due to the decrease of K (see 9.51). 
‘ Ce. & 


€ 


Fig. 17h. A flight occurring with such a velocity that the thrust coefficient and the 
drag coefficient are equal to one another. A) Lirdsehte 


The optimum sirplus air factor Ap decreases ith an increase of velocity 
(see 9.50). | 

Owing to the fact that the thrust coefficient of a ramjet engine diminishes 
with an increase of M, when a& = const, the flight of an aircraft with a subsonic ram- 
jet engine is stable for a chance variation’ of velocity. Actually, the thrust co- 
efficient of an engine Cp diminishes insignificantly with an increase of velocity, 
and the drag coefficient C, increases (Figure 17h). Aa flight may occur with such a 
velocity w, at which Cp = C,. If, because of some reason, the flight velocity de- 
creases, the thrust proves to be greater than the drag force and t..e velocity again 
returns to its former value. During a chance increase of velocity, the thrust proves 
to de less than the drag and the flight slows dow. 


If during the flight, the fuel supply is constant G, = const, then the mix- 


g 
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ire will lean out with an increase of velocity and the change of the thrust co- 
“fiviéntyCp wid] be. sharper than when % = const. The flight will be still more 
vedle in ‘relation t6 accidental velScity variations, leit. - 


TION 8. ALTITUDE CHARACTERISTICS OF SUBSONIC RAMJST ENGINES 
During a change of flight altitude H, if the flight velocity and fuel supply 
-e constant: M, © const and © const, the parameters of a ramjet engine change be- 
iuse of the change of the seaanine Dy and temperature T,, of the surrounding air. 
The curves, which depict the dependence of the parameters of a ramjet engine 


1 the flight velocityH are called the altitude characteristics of a ramjet engine 


~ 


{gure 175). | BX, cs 1000 M +07 
| po A ear 
wa Bie 
{N een 
ae | J 
| | | ee 
ENSSEETT 
end: 
co — 
ma Jae A) Troposphere 
| : | eS B) Stratosphere 
/ 09246 OMIM Bian 
’ MoCPePa 


4 gibonocpepa 
igs 175. The altitude characteristics of subsonic ramjet engine. 

The pressure p,, diminishes‘ ‘with increasing flight altitude: (ode TableT231).; 
hen this happens, the flow rate of the gases and the thrust force decrease approxi- 
ately in direct proportion to p, (9.61 and 9.63).: 

In ordor that the mixture composition does not change during an increase of 
ltitude, the fuel supply should be decreased. The air temperature diminishes with 
3Ititude until the boundary of the troposphere is reached (according to the inter- 
‘ational standard, the atmosphore H,, = 11 kn), 

With o/ddntadobing temperature T the enthalpy of the air ip, dectexses » but 
he temperature ratio increases up to H = 11 kn. 

The thrust coefficient Cp and the specific thrust I, in accordance with (9.31) 


nd (9.34) increase (see Figure 175) for an increase of the temperature ratio @, 
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The optimum temperature Fatis; at which the specific thrust reaches the maxim 
Value, does not depend on the flight altitude (see 9.51). The optimum surplus air 
Hoot increases with an increase of altitude H because of the decrease of T,, (see 
9.50), right up to an altitude of 11 kn. 

After the passage into the stratosphere, where T,, <<const, all the parameters 
of a ramjet engine, with the exception of thrust, would remain constant if the combustion 
efficiency F sg would be constant. In actuality, the density of the gases in the conm- 
bustion chamber diminishes with an increase of altitude. If the altitude control of 
the fuel composition is accomplished by a change of the fuel feed pressure, then the 
coarseness of the fuel dispersion will increase with an increase of altitude. Because 
of the decrease of density, the speed of the heat transmission from the surrounding 
flew to the drops will diminish and evaporation of the fuel in the carburation zone 
and in the combustion zone will deteriorate. The dispersion jet will be broadened 
and, other conditions being equal, the mixture in the area of the flame-holders may 
be leaned out. The combustion efficiency decreases with an increase of altitude be- 
cause of the deterioration of carburation. The decrease of the combustion efficiency, 
which is topped off by the total cessation of combustion, establishes the altitude 
limit for subsonic ramjet engines. 


SECTION 9. THE JSE OF SUBSONIC RAMJET ENGINES 

The first tests of the practical use of subsonic ramjet engines took place in 
the USSR in 1932-1935 under the leadership of Professor Yu. A. Pobedonostsev. In 
1939 the Soviet designer I. A. Merkulov installed two ramjet engines of his own de- 
sign \figure 176) under the wings of the I-15 fighter, designed by N. N. Polikarpov. 
These ramjet engines were to serve as boosters, i.e., to impart a further increase of 
velocity to the aircraft, after the dasic power plant would have reached its peeki 
patpat. 
Merkulov's ramjet engine had a diameter of 00 mm, a length of 1,500 mm, and a 


weight of 12 kg. The engine used the same brand of fuéll-as the atreraro) e-maln power 
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eo -- + eee wpevesce suus. s20W cave consisted of nearly 5 kg/hr per kilogram of 


thrust or at a velocity of 600 ku/hr -- nearly 2 kg/hr per one horse power, i.@., it 
was eight times greater than' that. of the: main’ p 


+s he 


{ - a Y 
, 


t Rees PSG Le eee dada Use 
Fig. 176. I. A. Merkulov's ramjet engine, which was installed cn the Polikarpov I-15 
fighter. 


By including a ramjet engine, the speed of an aircraft was increased by 0-50 
km/hr. However, with the inoperative boosters, which had great aerodynamic drag, 
the speed of the aircraft proved tc be substantially less than without boosters. 

An attempt to use a ranjet engine as a booster for a propeller-driven aircraft 
was also made by the German designer Senger in 19)3.. 

Even during the Second World War, projects of fighter aircraft with ramjet 
engines as the mein power plants were carried out in Germany. One auch’ project : 
belonged to Senger (Figure 177). The aircraft was carried aloft by a mother-aircraft, 
was released and proceeded to independent flight. The Mach muber of the flight was 
to be equal to 0.7, and the flight range was to be 800 km. Benzine was to serve as 
the fuel for the ramjet engine. 

Another similar project was developed in 19h by Lippisch and Pebst at the 
Fokke-Wulf plant in Vienna. The aircraft was also to be carried aloft by a nother- 
aircraft. After the ramjet engine started, the aircraft gained the design velocity 
by diving. Carbon, which filled the combustion chamber, was to serve as the fuel 
for Lippisch's aircraft. The low heating:jvalue of carbon (7850 kcal/kg) is compen- 
sated by its high density (higher than 1500 kg/m), owing to which, the volume and 
frontal drag of the combustion chamber prove to be less than u tank with benzine 
would have. The calculated flight duration with a velocity of more than 1,000 lr/hr 
was to be 30 minutes. 

The projects were not completed because of Germany's defeat in the war and the 
cessation of all projects on the design cf military aircraft. 
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Fig. 177. Senger's project of a fighter with a ramjet engine, 19kh. 
1 -- diffuser, 2 -- combustion chamber, 3 -- nozzle,  -- pilot's cabin, 
5 -- fuel tank. 

Back in 1938 the French designer R. Leduc began to work on the project of a 
fighter aircraft with a ramjet engine. At the present time leduc's aircraft is 
undergoing flight testing. Althongh this aircraft has not yet developed supersonic 
speeds, it is intended for a flight at M3. Therefore, it.wil2 bexdiectssad' tA 

PRT Oatail” in.thé following chapter. (i: . 

The Amzrican designer R. Marquardt developed (i947) a subsonic ramjet engine 
system, tested it in flight in the aircraft "Shooting Star" (see Figure 3), and forn- 

ed a firm to produce ramjet engines. 

At the present time/subsonic ramjet engines are used in*targetZdrones® gniited 
<thesiles, and on helicopters, 

The American firm Martin developed a target drone -- the Gorgon IV -- equipped 
with a Marquardt ramjet engine and guided by radio (see Figure 17a). A target drone, 
the speed of which is close to that of jet bombers, is used for training personnel 
and for testing various means of antiaircraft defense. 


Guided missiles, which are directed by radio and supplied with self-guidance 


instruments, are used to defeat enemy ships at distances where artillery is impracti- 


cable. Ramjet engines, which consume several times less fuel than a liquid-fuel 


12. Marquardt, American Aviation, vol. 17, No. 18, I-II, 195k, 2b-28. 
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suitable for launching pilotless singid¢-flighteguidedsaasités; «| 

Subsonic ramjet engines, which are installed at the ends of rotor blades, are 
used a. primary helicopter aieinee. As an exa.ple we wili cite vhe American heli- 
copter, the H-32, |producéd ‘hy. Hivlea: (see Figure 18), which has ramjet engines in- 
stalled.at the ends of the seven-meter-long two-bladed rotor. At the design rotor 
speed, the engines develop a power of more than 0 hp each. The diameter of the 
engine is 700 mm, the iength ic 600 mm; the weight is 2.5 kg; the thrust -- nearly 
1; kg; and the fuel -- kerosene. The total weight of the helicopter is 250 kg; the 
useful lead is nearly 140 kg; the cruising speed is 100 km/hr; the flight range is 
50 km; the flight duration is 30 minutes; and the rate of climb is 0.3 kn/min. The 
starting of the engine is accomplished with the aid of a hand-operated inertia start- 
er. Due to their e::treme simplicity, helicopters with ramjet engines may find wide 
usage as a means of transportation, in agricultural aviation, and even in war during 
landing operations and ferrying. 

Subsonic ramjet engines are not widely used. Supersonic ramjet engines possess 


greater possibilities. 
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CHAPTER J 
SUPERSONIC RAMJET ENGINES 


Supersonic ramjet engines (SPVRD) are intended for flights at speeds that are 
higher than the speed of sound, i.e., at M1. The upper limit of the velocity to 
which ranjet engines may be used, is determined by the temperature cf the gases be~- 
fore exit 3. The greater the difference To3-Togs the greater the terminal flight 
velocity. During operation on high-calorific fuels or on atomic energy, the velocity 
of a prolonged flight is limited by the heat resistance quality of the materials, 
since the stagnation temperature at M> 6 becomes greater than the melting point of 
steel. 

; The geometry of a supersonic rarjet engine is determined by the design flight 
velocity and the purpose of the engine. 

The specific fuel consumption of a supersonic ramjet engine at Ms is less 
then and the total efficiency is greater than that for any other type of engine 
(Nobehetr > 40%). 

Supersonic ramjet engines, like subsonic ramjet engines, are incapable of self- 
starting. Supersonic ramjet engines rust be accelerated to their initial velocity with 
the aid of a special booster. A rocket booster is the most effective means of acce- 
lerating a supersonic ramjet engine. The air-to-air and air-to-ground missiles that 
are launched by high-speed aircraft do not need boosters. 

The theory of supersonic ramjet engines was formulated by Stechkin, Zuyev, 
‘Abramovich, Crocco, Senger, Willey, Troamsdorf, and many other Soviet and foreign 


authors. The present status of ‘supersonic ramjet engine theory is stated below. 


SECTION 1. THE PRINCIPLE SCHEMATIC OF A SUPERSONIC RAMJET ENGINE 

Supersonic ramjet engines (Figure 178) have the same basic parts as subsonic 
ranjet engines: a-diffuser, a combustion chamber, and an exhaust nozzle. 

The shape of a supersonic diffuser is determined by the design flight velocity 


and the purpose of the engine. At design velocities of HM, = 1 to KM, = 2 the engine 
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4s supplied with a diffuser having a normal shock wave at its inlet (Figure 178a). 
The pressure recovery factor after a normal shock wave diminishes from Spr # 1,0 

to Opr « 0.70 for a velocity increase of M, = 1 to M, = 2. An assembly of oblique 
shock waves at the inlet when Me 2 may increase the pressure by not more than 10-20%. 


If the pressure in the combustion chamber po3 is higher than critical, a supersonic 


Ss 
nozzle may be installed at the engine outlet. The nozzle divergence & = So must be 
‘the greetar-the larger 1<> 3 pressure ratio in the combustion chamber ahead of the 
P03. P 
exit Ok (see Figure 77). 
ho ( gure 77) 
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Fig. 178. Schematics of supersonic ramjet engines. 


& -~ a supersonic ramjet engine with a normal shock wave at the inlet, 
b -- a ramjet engine with a multi-shock wave diffuser and a fixed-geometry 
nozzle, 


C -- a supersonic ramjet engine with a multi-shock wave diffuser and a 
variable-geometry nozzle, 
d -~ a supersonic ramjet engine with no exit nozzle. 
At high design flight velocities (M >2) a multi-shock wave diffuser (for which 


the pressure increase is significantly more effective tnan during a single normal 
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Gon . 
Pn 37. 
The pressure increases approximately 12 times in a diffuser with a normal shock wave, 


shock wave) is installed at the inlet to the engine. Thus, when H,* 3; 


so that Oy = 0.3. In a multi-shock wave diffuser the pressure increases rore than 
20 times, so that ©, 0.65. Thus, an arrangement of obliqud shock waves at the in- 
let when M > 3 increases the stagnation pressure at the diffuser outlet more than 2 
times. With a further increase of the design flight velocity, multi-shock wave dif- 
fusers, in comparison with normal shock wave diffusers, give still greater benefits. 

The most suitable configuration of a deflecting spike and the value of the dif- 
‘user throat cross sec?-ion = depend upon the design velocity. As My, increases the 
most suitable number of shock waves increases, the optimum turning angles of the flow 
‘15 %, and 4 decrease, the compression of the air increases, and the critical sec- 
tion of the throat S),, diminishes. The design critical cross section of the exhaust 
nozzle suse also decreases with an increase of 1{,. An engine with a fixed-geometry 
nay operate ander the design conditions only at one flight speed. A single regime 
ongine with a fixed-geometry, which is designed for flight at a predetermined velocity, 
is shown in Figure 17&8b, A multi-regime engine, which is intended for flight at 
various velocities for various temperature ratios, must be equipped with a variable- 
zeometry diffuser and nozzle (see Figure 178c). A maximum thrust engine, which is de- 
signed for high combustion temperatures, is sometimes constructed without a constric- 
vion at the outlet: 83" Sher = s, (see Figure 178d). 

The diffuser portion of a supersonic ramjet engine may be divided into super- 
sonic and sudsonic portions (Figure 179b). The flow in front of the oblique diffuser 
shock wave is supersonic. The flow through the divergent portion of the diffuser, 
through the combustion chamber, and through the nozzle up to its critical section is 
subsonic; the flow from the nozzle throat section to the exhaust plane and after it is 
supersonic. 

The greater the design free stream flow velocity M, for a given inlet area ratio 
> the smaller the critical inlet section ratio ov, the larger the widening of the 


subsonic portion of the diffuser, and the smaller the relative velocity at the combus- 
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tion chamber inlet do. The absolute value of the velocity in the exhaust section 
So of a diffuser of a supersonic ramjet engine, i.e., at the combustion chamber in- 
let, is nearly 100 m/sec. The velocity at a combustion chamber outlet which has no 
exit nozzle constriction (S3 = Sucr * 5),) may reach the local speed of sound (see 
Figure 178d). 

The flow through the subsonic portion of a diffuser depends, to a significant 
degree, upon the divergent angle of a right circular cone WY. If this angle & gq ex- 
ceeds 10°, the pressure recovery in the subscnic portion 0" diminishes (see Figure 
6lc). This is caused by a separation from the walls and the appearance of turbulence 
in the flow, and is accompanied by a dissipation of energy. At angles which are less 
than 5°, pressure recovery decreases, due to surface friction losses which increase 


do -d 
with an increase in the diffuser iength L = C : - The optimum divergence angle 
2 sin Wd 


of. ‘@ right circular cone lies within the area of 5° <Was 10°. 
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Fig. 179. The internal arrangement of a supersonic ramjet engine. 
a -- perspective cross section, b -- diagram 


In principle, the combustion chanber of a supersonic ramjet engine (F’ gure 179) 
dis constructed like the combustion chamber of a subsonic ramjet engine. We note that 


with an increase of flight velocity M,, the stagnation temperature and pressure in the 
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combustion chamber inlet increase, the relative velocity diminishes, and the opera- 


tion of the combustion chamber is improved. 


SECTION 2. THE GAS DYNAMICS OF A SUPERSONIC RAMJET ENGINE 

A diagram of the gas flow through a supersonic raxjet engine having a miti- 
shock wave diffuser is depicted in Figure 180. Oblique shock waves appear on the 
multi-step spike of a diff ser as the supersonic flow approaches (see Chapter II, 
Section 11). The air temperature, pressure, and density variations in the oblique 
shock waves, which are expressed by (2.118, 2.119, 2.122, and 2.123), are depicted 
in Figures 39, 40, 41, and 2. 

The velocity of the flow during its passage through the oblique shock waves 
diminishes, while the pressure and density increase. The direction of the flow 
through the oblique shock waves changes. The air stream lines along the surface of 


the spike are parallel to its surface. ‘ 


Legend: 
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Fig. 180. "A schematic of the shock waves in a diffuser inlet. 
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The final shock wave is usually formed inside the diffuser duct. 
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The air flow through a supersonic engine Gy is determined by the cross section 
of the diffuser inlet slot Sghch, which is measured normal to the stream lines in the 
diffuser inlet; and by the velocity and the density of the flow after the last oblique 
‘hock wave wil and Yj-1 (i is the number of shock waves in the diafuser, : 

0,=kS.@ 1 t= (10.2) 
where k is the factor that is determined by the depth of the boundary layer at the 
diffuser inlet. The greater the depth of the boundary layer Snirt2rtien to--the, 
hcigat of the inlet slot, the less becomes K, wea ee Sees 

The air flow may be expressed by the parameters of the free stream flow and the 


inlet cross section S; (see Figure 180): : 
‘ 4 a (10.2) 


— ft G=eSiwets 
where ) is the mass flow ratio of the diffuser. 
If the shock waves are focused on the inlet edge of the diffuser (Figure s80a), 
then Y = 1; additive drag is absent: Xy = 0. In order to bring the diffuser mass 
flow ratio ¥ up to one when the inlet throat is "choked" by a boundary layer, the 


cross section of the inlet slot S..., 18 made greater than design: 
aie | 


5 S,=Saes. | \ \ (10.3) 

If the flight velocity M, is less than design point, then the shock wave inci- 
dence angles 0, 0%, a3; and others, will be greater than design point values and the 
air flow through the diffuser will become less than the maximum possible value 
SW, Vin» sinca a portion of the flow is directed around the diffuser inlet slot (Figure 
180b). The mass flow ratio My decreases and additive wave drag Xj appears. 

If the flight velocity is M, greater than the design value, the shock wave in- 
cidence angles become less than design values and the oblique shock waves will enter 
the diffuser (Figure 180b). The pressure recovery O, will t- less than desig: for a 
given velocity. The air flow will remain the maximum possible: Y = 1, and additive 
drag will be absent: X, = 0. 

The flow of the gases through any sectior of the engine S,, is determined by 


the relative flow velocity dy; and the stagnation temperature and pressure in this 
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section po, and To; (see 2.74): . 
On|) atts ( oe ed a] a 
This index beicias to all the variations that enter ‘into the flow equation. 
The flow equation is used to find the relationship between the cross sections 
of the engine on one hand and the flows stagnation pressures and temperatures of th> 
gases on the other. 


Any two sections S; and S, may be described as: 


Gt yf Bt batt Ra St por 9A) 
Ga ] hn hitl Re Sq por gan) (10.5) 


For any "cold" section, for example, for the free stream flow section S, and for 
the diffuser exhaust section So 
ky, = ko = k3 Ton = Tog = Tox; Gn * G2 and 502 | 
Consequently, | 
5% th) Hee Ode (10.6, 
For low Ay and As the compressibility of the air As insignificant: 


mega! ; Een 


t 


and the relative velocities are inversely proportional to the sections: 


dew St 
®» 4S, 
For the critical and exhaust section of the diffuser S)¢, and 52, considering| 
that Zf 
oa ! : 1 ‘ 
‘ ran 2 \i-i , 
Ag Vend § Og =(505) > a 
from (10.6) we obtain an | 
+1 HEN 
SSE) “ta =) a a0. (10.7) 
Here 


0," is the pressure recovery of the subsonic portion of the diffuser 


6. ex 3. 
: Pes ' 


Oq' is the pressure recovery of the supersonic portion of the diffuser 
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@, == Pou | 
Pos 

With an increase of the relative velocity Ap the gas dynamic function q(A,) 
decreases, the density of the air in the critical section of the diffuser grows and 
the calculated cross section of the throat ze decreases. With a decrease of pres- 
sure recovery in the supersonic portion of the diffuser ow the density of the air in 
the throat Yj¢, decreases and the critical section S),, increases. 

Relationships smalogous to (10.6) and (10.7) may be described also for the 
"hot" sections 54s Sher? and Si by considering that k3 = k), * kes 193 = To); = Togs 


c 


and G3 « G), as: 


x ae 
he tN ge oy (tet Mi! go 9 Qa) 0.8 
Sug (= " 5,229 (,) =(*) 5; PR .. (2 ) 
Here Nae 48 
o,' is the pressure recovery of the subsonic portion of the nozzle 


of = PUP ~ 0,97; 
Pos 


GO," is the pressure recovery of the supersonic portion of the nozzle: 
* pene “NK AY) =): id 
Sup 
The relative velocity of the exhaust gases AL depends on the ratio of the stag- 


nation pressure to the static pressure et a given section: Poh 


Ph, 
AV efey* | 


(10.9) 
Consequently, € ( Ai) Far) and the design degree of divergence of the nozzle is 
ay 
omy i eee ct! 


Soup ntl cay” cay | ee 
VW peal ge) ne) (20.10) 


Pp 
The stagnation pressure ratio of the exhaust gases a is smaller than the stag- 


F 
nation pressure of the free strean flow — : 
H a 
| Pos Pos Po Pot po Pow Pe 4.5 9g es Pe (10.22) 
‘Pa POs Pon Pea Pow Pa PA on ag = Qa) Pe 
} Basically, the design ie of the hot and cold throat sections is determined 


by the temperature ratio § « 8, 
Ox 
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Fp utes . 


re : 
~ | ' / . 3 ; 
a ee ey ere AR, (i 
| @, el AR : 
toe : 5 2 - 
is | (i i) oS (10.13) 
The design ratio of the engine terminal cross sections is 
\ + SVT 2) BVT 300 (10.1h) 
° S$, Keog 8 (14) K <A) ™ 
‘e, 
Ka, pf Fett Re 
! w V wett RR” (10.35) 


If the.composition of the mixture is given, then with an increase of flight 


locity \be temperature ratio @ diminishes: 


T, Hyre;t On) 
Wace 2 ny ee 
Tex ep tabs Ta (10.16) 
The nozzle exhaust section may not be greater than the midships section of the 
5) 


rine: S),q Sy. The design cross section of the inlet 4 and the ratio of the 
-oat sections of the diffuser and nozzle — increase with growing velocity due 
the decrease of the terperature ratio. 

The relative velocity ahead of the exit A 3? 1m accordance with (10.8), is de- 


“mined by the ratio of the sections —— The relative velocity before combustion 
is determined by Kiselev's ratio (8.32). ‘the pressure recovery for combustion is 
ermined by the ratio of (8.34). The pressure recovery for the flow around local 
‘ner resistances is determined by the ratio of (8.19). 

The pressure recoveries of the diffuser 0, and the nozzle ©, are determined 
flow tests. 

We will assume that the geometry of an engine is given. To operate within the 
‘ign conditions, the engine will be at only one temperature ratio OL asch and at 


» design flight velocity (A) For a: increase of the ratio 6 > @ rasch» 


rasch” 
> velocity ahead of the exit Le does not vary, but the mass flow rate of the gases 


“Lec because of the increase of temperature and the decrease of the density of the 


Am atin be aos Pad 


exhaust gases (see 10.4). The flow velocity in the cold sections S), Sjo,, and Sp 
decreases while the pressure recovery 6, y rows during the flow around the local 
burner resistances. The pressure recovery during preheating Ong decreases because 
of the increase of the temperature ratio, The pressure recovery of the combustion 
chamber 9, ‘= oy -6 sg remains practically constant. The final shock wave is ex- 
pelled from the diffuser inlet slot with an increase of the temperature ratio above 
the calculated value and the mass flow factor 4 diminishes and a "buzz" condition 
begins. The pressure recovery 4 remains practically constant (see Figure 180d). 
With a decrease of the temperature ratio to a value that is less than the de- 
sign,the air flow rate is limited by a choke point in the diffuser throat and remains 
constant p #1. The relative velocities Ao; A; and Ay are determined only by 
the geometry of the engine and do not change. The stagnation pressure shead of the 
* exit P93 and the static pressure at the nozzle exhaust edge P), decrease; and the over- 


all pressure recovery 5), decreases: 
| aA pe 


one 2-1 7 
i Re [beth yt GeV Toe 
Le ra=V = args isa (10.17) 
| : ~ 
| ; LF real . (10.18) 


With a decrease of flight relative velocity An » the stagnation temperature of 
the free stream flow Tp, = ary decreases. If the stagnation temperature of the 
exhaust gases To, or the mixture ratio, @, are constants, then the temperature ratio 
6 wil] increase and the calculated cross section of the inlet Sicr and 5) will de- 
crease. But when Sj.,. is constant, one must increase the throat section of the nozzle 
Sher* The pressure recovery of the supersonic portion of the diffuser increases with 
a decrease in flight velocity. 

If the engine must operate in design conditions at any fisght speed 5), * Sup 


P), * Pn» then with a reduction of flight speed, the decree of divergence of the ex~ 


s 

haust nozzle & = 4 decrcases and together with it, the relative velocity and the 
hor 

stagna’ion pressure of the exhaust p- ses Ay and ae 


In order for the same ramjet engine to operate at any speed and at ery temperatu 


-atio at the design condition, i.e., at the greatest possible pressure before the 
iossle and with the least additive diffuser drag Xj, its terminal and throat sections 


ust be controllable. 


SECTION 3. THRUST PARAMETERS OF A SUPERSONIC RAMJET ENGINE 
To determine the thrust parameters of a supersonic ramjet engine, it is neces- 


sary, at first, to find its jet thrust R (see 2.90): 
: ‘ | §=F.—F, —pa(S,—S,). (10.19) 
The impulse of the sidaat gases ru is determined by the equation (2.86): 


Fy,= oe 14 pS, (10.20) 
ar ; § 
after utilising (5.27), we obtain 
m1 Fy= 3)" “PouaSug (uth) Fag tM? 


The maximum relative ‘discharge velocity oe 6 is determined by the intended’ 


\ 


(10.21) 


ressure ratio —=< wes ‘ vs 
. ee Vf tt] sn = ' 
t,—1 a) >; (10.22) 
The design daiees of nozzle ee © asch is expressed by the equation 
10.10) -> ihe 
pe as (2. *): (10.23) 


eee 


With a decrease of the nozzle pressure coefficient, On the relative velocity 


f the exhaust gases Xi, diminishes, the static temperature of the gases T) increases, 
he density of the gases Pay decreases, and the calculated degree of nozrle diver- 


ence Eryasch increases. 
With an increase of the degree of divergence & the nozzle pressure coefficient 


Y g" decreases, the dissipation of ner ey in the nozzle grows and the pressure losses 


’ i 
nerease. . r.") — Po Mag Poe tas ‘ : 
Pa Ma Pe Pa ® (a) : (10.2h) 


oe 
U 


Ths pressure coefficient or impulse loss in nozzles of various configurations 


nd with various degrees of divergence are determined by experimental tests. 
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With an increase of the design flight velocity ),, the losses in the diffuser 
and nozzle increase and the gas dynamic coefficient of the engine K = x decreases. 
® The stagnation impulse of the oncoming flow, which acts on the inlet section 
of the engine S,, is equal to the sum of the momentum end the unbalanced pressure 
forces which act on the inlet slot and the deflecting spike. Considering the forces 
which act on both sides of the control surface, formed by the surface of the spike and 
the section of the inlet slut S44, (Figure 183), we obtain 
F, = (Se + PS COS W545 + pdS=F,+Xyoqn= 

w= SA + BS. + Xo nea 
where uw, is the summary rake seis of the flow: w) = 4) + a, + D3 + oe. 

The integral \ pdS represents the geometric sum of the pressure forces on the 
surface of the spike which protrudes from the diffuser (see Figure 179). 

If the oblique shock waves are focusec on the forward edge of the diffuser, 
additive drag resistance is absent: Xg = 0. In all cases, when the shock waves 
move away from the forward edge of the diffuser, additive drag, which is determined 
experimentally, appears. 

The effective thrust R ef i8 

Bog =B— Xpgg= See — Qn (P.— Pa) Ss — X00 (10.26) 

The stagnation impulse of the stream tube flow F, depends on the relative 
flight velocity A,, on the atmospheric pressure Pn» and on the cross section of the 
stream rube at infinity S,. 


After utilizing (2.71); (2.7h); and (2.81), we obtain 


¢ 


Fx S84 pS, AEE 0,02 (4) = 
~ ee apcegisets a (10.27) 


where a, is the critical velocity before heating. 


The cross section of the stream tube flow S, is determined from the continuity 


gs" on 


ome 


(10.28) 
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The mass flow ratio @ during heatings, which are less than calculated 6< 6. sch? 
is determined by the flight velocity ),, the configuration, and the location of the 
sonter body diffuser. at temperature ratios which are more than calculated 6 > Orascns 
the mass flow ratio (f is determined by the cross section of the exhaust nozzle S)_,. 
and the parameters of the gases ahead of the exit p, 3 894 To3, and also by the pres- 
sure coefficient of the subsonic portion of the norsle o, ', 

At design point conditions, when *he shock waves are fécaasea on the inlet ‘aes, 
Py =P, and Xs. * 00 Then 5S, = 5, * 1. 

After substituting (10.20) and 10.27) in (10.19), we obtain 


7 aame 9 (hd) 2) —PewSe9 QDa0)—PAl5. —SJo (10.29) 
j -{- Pa A2Q) S AgsQi) S 
= ; : a. Pa ea t@) ral en aller Su ares , 


Jet thrust R is pemenae by the relative flight velocities and the exhaust 
An and Aj, by the atmospheric pressure p,, by the mass flow ratio 9, and by the 
inlet and exit sections of the engine, S) and Sie The temperature of the gases does 
not enter into the final thrust forsmla in an obvious form. 

Heating of the gases is the only means of maintaining the high stagnation pres- 
sure of the exhaust gases, i.e. a high Aj, vhen 3)... >S)¢,- A thrust effect { 
such as is obtained by heating, may be obtained by introducing an imaginery gas into } 
the combustion chamber of the engine, so that the specific volume increases the re- 
quired number of times. 

The thrust coefficient Cp is 

a=. (10.30) 

The effective thrust coefficient is 

nee 62— os me ee? (10.31) 
where Cydop is the additive | wave drag coefficient, which is relative to the midships 
section and is determined experimentally. 

The net thrust coefficient CG) 4.4 18 


/ * Cp cecr™=Cn — Cx neo Cx 08s . (10.32) 
where Cyop is the drag coefficient of the engine envelope (friction drag). 
The net thrust of a supersenic ramjet engine R 
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chist must be greater than the 


3h7 


aerodynamic drag of the wings, fuselage, tail assembly, and the other portions of the 
aircraft. Figure 181 shows the drag of a V-2 rocket at supersonic flight speeds. The 
Prac of the envelope of an air-breathing jet engine is caused primarily by | 


an TTT} 
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Fig. 181. The variation of the drag coefficient of a V-2 rocket with Mach number and 
angle of attack. 


surface friction and by the pressure on the diffuser shell, since the drag of the 
center body diffuser is considered during the determination of the thrust and boat 
tail drag is absent when Sj, + S,. Therefore, the drag of the shell comprises 50-70% 
of the drag of the ogive body that is depicted in Figure 181. 

At high supersonic flight velocities the degree of nozzle divergence € must be 
great. Therefore the area of the exhaust and midships sections are comparable: 
8), = Sy (see Figure 183). 

If the shock wave: focus on the forward edge, then S, - S) and the additive 
draz Xaop = 0, If, during this, the exhaust section has the value vomputed from 
equation (10.14), then the pressure at the exhaust edge is equal to the back pressure 
Pl, * Py» and the jet thrust formula may be simplified; using (2.55) and (2.7k), we 
obtain °:- : ~ 


eet sea es Spade Q)— FAG SiPodte 0) (10.33) 
-_ 

Substituting the computed ratic of the inlet and exit sections ae (10.14), we 
obtain a formzia which is similar to the one which was introduced os for subsonic 
ramjet engines (see 9.27): 

ta jSowih0al!— arya) (10. 3h) 
The thrust factor Cp * rare 


After using (2.70) and (10.34), we obtain 


F-1S-9710/V 348 


gn te SS lar |. (10.35) 
For a given temperature ratio § = const, the thrust coefficient varies insig- 
nificantly with an increase of flight speed A,. At a given maximm temperature 
Tog = const or for a given mixture composition of = const, the thrust coefficient 
dininishes with an increase of velocity. 


Generally the specific thrust is equal to 


e ow 
ir si (10.36) 


The magnitude of the thrust is determined by the equation (10.26) or (10.29). 
When Py, * Py and Sn = Sys the specific thrust of a supersonic ramjet engine is 
expressed by the formula (9.3h) or (9.043) 


eta, BKYE—1_ gh—1 He Me WKYI—1 
\f ela), e. Varta Aa '0—) ~~ Pere (10.37) 


The overall efficiency is 
ye Me Aber ARashet On) ver (10.38) 

; Ng Oe p Tex (0 — I) 8G, 697. (0 - }) 
When S, » S; and pj, * py 


\ 
&— Xs of T— 1 
ged "ig, Xe On) 
a ama ary (10.39) 
The Sheree! power that is ue by the engine Noe = 
Nese ORT mH, G, 'keal/see, 
2h Pefele@—)) LS W— ky w/se 0.40) 
~ a+1 Co (1 ° 
For a given tceecias ratio, ¢ y the rete thermal power Ng increases quickly 
with en increase of An owing to the increase of the air flow G, and the final tempera- 
T 
ture of the gases Tp, = 6 D6 
e HAR) 
At a given temperature Tog = const, the thermal power at first increases with 


an increase of velocity, reaches a maximm, and falls to zero when Tog = ee 


The flight range of a winged flying vehicle with an air-breathing jet engine 
is expressed by a formula of Tsiolkovskiy's (1.15): 


‘ ( “ 
bem wy Sk. | fe Ses 
fh, In — DK. (0.82) 
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From (10.36), it follows that the range factor D = w,I is equal to the product 
of the heating value of the fuel H, (in mechanical units) and the overall efficiency 
of the air-breathing engine: 

. Dawe fm 73. me (10.42) 

The overall efficiency of an air-breathing jet engine h together with the aero- 
dynamic quality k, and the relative fuel weight ratio Y= 1 - 7 determine the flight 
range. Here T is the relative structural weight, which is equal to the ratio of the 


terminal flight weight to the initial weight. 


gc Prroes 


Pras 

The ideal thermal efficiency Ne increases with an increase of flight speed, 

approaching one: 
who. 

The effective thrust efficiency (Neyaget is determined by the temperature 
ratio @ and the gas dynamic factor of the engine K (ratio of specific heats). The 
variations of thrust efficiency with velocity are stated in Section 5 of this chapter. 

Here is an example of designing a supersonic ramjet engine: We will assume that 
the flight speed is equal to the design point value: My " Misgon 7 4, F <1; 

An « 2.1h. We will assume that at this velocity, the pressure recovery o* the dif- 
fuser (which must be determined by an experimental method) Oy = 0.3. The flight 
altitude H = 25 km. According to the ICAD standard atmosphere: 

Py" 18.6 mm of mercury = 253 kg/m? ; Th * 216.59 K, Y;, ° 0.0h kg/m; c = 295 m/sec. 

We will find the thrust parameters of an engine which operates on kerosene, if 


ole 2.0; Hy, = 10,200 kcal/kg; L = 14.8 = 1. The midships cross sectior Sy = 1 m?; 


y 
188 
the inlet cross section S, = 0.9 n°, the mass flow ratio factor YP = 1, the exit cross 
section of the nozzle is equal to the midships Si, = Sm. The nozzle pressure coeffi- 
cient 9, = 0.9. The drag coefficient of the combustion chamber € = 3. 


The stagnation parameters of the free 3tream flow (Figures 20h and 205) are 


t, &—1 2,1¢ 

> = ee Lo _ . = : 
Tes +Q,) re =i ; 0,238; 
; To_ _ 210.5 
; T= > 256 7 0,008 OK 


. ul 
ie Pom 200) = fea} 7 m0,za8 = 0,00667; 


3 


. 253 
. fa~ 0,00667 = $8 000kg/m% 3,8 abs, atm, ’ 
The meaxizum possible pressure at the combustion chamber inlet is 


Po2 " FaPon * 0+3*38,000 = 11,400 ke/m® = 1.14 abs. atm. 


The stagnation enthalpy of the free stream flow is 
fog = 07H 2. 0:24-216,5 od 
m=) 0,209 18 kcal/kg, 


The stagnation enthalpy of the (combustion products is 


Hater _ 10.200 : 
bom bent gy 218 agg 218 +83 = 55 kcal/kg. 


After noting that the pressure ahead of the exit P93 © 1 kg/em@ we will find 
the stagnation temperature after combustion according to the i - T diagram (see 


Figure 88): 
The temperature ratio is 


eae 1920 
Tex 909 


The adiabatic indicator (ratio of specific heats) when = 2 and the temperature is 


= 2,11. 


1,920° K is: k = 1.312. The velocity of the free stream air is 
a= CM, = 295-4 mn 1180 m/500, 
The air flow through the engine is 


Oy = Yn Y¥n5z = 1,180°0.00-0.9 = 2.5 kg/sec 
The fuel flow is 
Oy. b2.5 
Os sacs 1.435 kg/sec 
The flow of the gases through the exhaust nozzle is 
a,°4,+G," 42.5 + 1.435 @h kg/sec 
The critical velocity of the oncoming air is 
\ —_—_—_—_ 
’ RR7, 19,6-1,4.29,3 
: arn / Meikle / SLAB: 909 == 18,3 905 = 550 m/S6C» 
The critical temperature is ae 


peas Toa, 909 ) 
Torx ay" Ta a 156° 


The critical pressure is 


F-TS-97L0/V 351 


& 
we (—2_)=? Por, 11400 
Pup (5) Po = ee 1.69 aa” #2 6030 xs/t2=-0,603 abs, atm, 
The critical density is 
Pip 


6030 
RTgg ™ 30,5:155 07 te /w. 
The cross section of the diffuser throat is 


0, = 42,5 
TVixp@ sup 0,272-550 


We will find the calculated throat cross section of the exhaust nozzle after 


; le= 


Sip = == 0,284 nm, 


substituting ee 
? 994963, == 0,9: : " oe 
ie fo 1,01-1,03 /Z.11 
ae ee 7 2 
Saup Fi oor Siap 0,9 0,264 =0,476 m¢¢ 


In order to rule out the possibility of expelling the final (normal) shock 
wave from the diffuser throat in the event of a change decrease of flight velocity 
or an increase of temperature ratio 6, we will make the critical exhaust cross sec- 
tion somewhat greater than calculated: 

Shor * 0-500 m@ 


The degree of nozzle divergence is 


We will find the relative velocity in the exhaust, and the pressure ratio across the 
: a) ; 
nozzle by the o which is depicted in Figure 77: = 1.75: s= PB == 10,3; 


MS + 2,92, 


. . 
Jet thrust es ae is: Run Fy — Pa — pe (S,—S,). a 
The reaction force of the exit gases is 
ke+l t 1 
° a ron tet tee (at x)" 
2,312-20,5- 1920 : 
-_ a 44.2,32 = I 1920. 44-2,32 «= 7300 kg 
Vy 19,6-1,912 42? Sey 
Jhe stagnation impulse of the stream tube flow, when g= I, 5-5 is 
2,4-29,3 
mmr! a,( 
ran thes 20e(to-+ 2) = V ‘pn a0 + 5) 
7 e §360 ke 
Jet thrust is 


. Bm Py ~ Fu~Pa (Se ~~ Su) = 7300 — 5360 — 253 (1 — 0,9) em 1915 kg. 
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The specific thrust is 


pe 2 5 
| G, ~ 1,435 


The specific fuel flow is 


Cem = = = ~ 2,7 iphre 


1300 
The dynamic head is 


r° } 
The thrust coefficient is 


a Su 


¢ = SME = 07-253-48 m 2000 keg /n2, 


We will carry out a gas dynamic computation of the combustion chamber, 


The stagnation me ahead of the exit nozzle is 


ke +1 g 2 GV fe 
~ ( 2 ngs) gk, = Sup 
et) 
12,312 29,5 29,5 44 152, 
Ga 98132 05 °° kg/m. 


The velocity ahead of the exit nozzle A3, according to ee 170, is 


d, = 0,31; 


\ 
t 


£Q,)=3,%. 


The relative velocity before combustion is 


£05) = tf 92, = 1,01-1,03 ¥2,11.3,54 = 5,37. 


From this 


Bonet 


y (ef --2. 685 — V'7,06S — 1 = 0,195, 


The pressure coefficient for combustion is 


~ 


“"s0) a (4) 


_ 20) ¢ Q2) 5,37 0,195 0,986 
= 3,54 0,31 0,96 


am 0,985. 


The pressure recovery for the rage around local resistances (flame-holders) is 
1,4-3 


asl a 


1 ——— 1, 8=0%, 


2,4 


The stagnation pressure at the diffuser outlet is 


Pa = 
The pressure recovery in the diffuser is 
. 10 900 


ree 


aw £4 
“a Pe 


somewhat less than the maximum possibla value. 
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iy Mapped de 
Outer 0,93-0,985 


“ 


== 10900, , ; 


os 0,287 


In this way a chosen nozzle matches up 


with a given diffuser. 


The over-all pressure recovery in the engine is 


{ ‘ Cok PO nS yher he a 0,287-0,93-0,985-0,9 = 0,238, 


The overall efficiency of the engine is 
, i = Atw e AlcM 1330.295-4 
5 AG. Hy 427-1000 


The flight range with a relative fuel weight ratio "Y/ e 0.68 and an aerodynaric 
quality (lift/drag ratio) k = k is: 


= 0,35, 


1 1 
Pd 4 —_—_—_—_— 0G. . —_—— k>, 
f= cM lk in 10,60 295-4-1330-41o 0,32 7100 
Not a single other type of engine, only a supersonic ranjet engine, may achieve 
a similar range of guided active flight at M, = h. 


SECTION 4. COMPUTATION OF THRUST PARAMETERS OF A SUPERSONIC RANJET ENGINE AS A 
FUNCTION OF MACH NUMBERS 


The thrust parameters of a supersonic ramjet engine may be computed not by using 
the relative velocities, as we did in the foregoing paragraph, but by the Mach numbers. 
This last method of computation persists in American literature! 

The jet thrust of an engine, as is know, is determined from the difference 
between the ypbalanced pressuré forces and the momentum at the exit of the engine in 

v‘en{ undightirbed flom: 


1 : 2 
| Ba 8 + 9S, SP. was —PeSat Psi 


; oe 26, + S,— (2 +PeS.) —Pe (S.—S,). ie 1 


The flow impulse (mass flow parameter) in any section is 
Foe +pS=pS(1+AM?), aca 
since 
/ ceo ow tw om A 
' F gs ep gkRT RM&, (10.45) 
F 10. bt — 
rom (10.45), we obtain 502 = 
pom mV gk’ 
& 


IMarsh, B. We and Sears, G. A., Introduction to the Analysis of Surersonic Ran Jet 
Powarplants. Yet Propulsion, vol. 24, 19S, No. 3. 


Avery, W. H., Twenty-five Years of Rarjet Dev.lopment. Jet Propulsion, vol. 
25; Nov. 1955, No. ll. 
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Substituting for static temperature, the stagnation temperature, we obtain 


Fuad7/ ottipr —_1 tem 
ge * Se 
(e+ Mt (1 + ">> Mt) (10.16) 


The’ flow impulse (mass flow parameter) depends on the gas dynamic function of 


the Mach number 
1m)=- ears 
2(6+1)M (1+ ee! 7M) (10.47) 


The critical impulse of the gases, which discharge at sonic velocity from a 
convergent nozzle, is found after substituting M = 1 in (10.46). During this 
“(M) = 1. ee 
(10.48) 
After using (10.7) and (10.48), we obtain 
| Fee Fat (M). (10.49) 
After comparing (10.49) and (10.21), we find: 


“F(M)= 220). (10.50) 


The function f(M) represents the relative increase of the impulse of the exhaust 
‘tases during the use of a divergent nozzle, in which the flow velocity grows from 
12*1 to M),. 

The critical impulse, which is related to the air flow is called the air spe- 
cific impulse I, (see Chapter VIII, Section hh): 


a 3G, a Vy? ahttRr,. (10,51) 
The critical impulse, hich’ is related: to the fuel consumption, is called the 
Suet specific impulse Ts! 3 yoety/ 27 RT. (10.52) 
f Ola OLyePg (10.53) 
The impulse of the exb--st gases is aves 
[* Fema St hMD OLS (M) (10.5h) 
The impulse of the re stream flon is ) 
[| Rerestenynay/ 22st eras ny” |) 


fre ratio of the exhaust croes section Si, to ee cross=section of the enclosed 
flow S,, is found from the continuity equation 
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7S, = PTS ee 


e MV ERAT,S, aM VERT, S,-Zt-. (10.56) 
The calculated ratio of the seaiee and exit sections when p, " Py, and Sp, = 5] is: 
; : : 
$0(%) - fitnme 
8, rg a ae RTe Me (10.57) 


Converting from the static temperatures to the stagnation temperatures, we 
obtain 4 


<M 
(34) =p Me Pa AR Tog ee 
5. Jr hig pg BlTes i 
c 1+ = 2 (10.58) 
For complete expansion of the exhaust gases P), = Pn» jet thrust is expressed by 


a simplified formula 


ed 
‘ £ ; 


after substituting w= MVgkRT, G = wyS and Y= fe we obtain 


uN 


R= k,p,S\Mi—-kp,S, Mi. 


(10.59) 
Tne thrust per unit area from ane) and (10.58) is 
‘ » om s * 
a bp ° oy =) 
/ &,~—1 2 
| M, / — RRT on a 9M 
| ah pM Ie RRTo . k~1.y 
1+ Me (10.60) 
We find the thrust coefficient Cp from (10.59) and (10.58) | 
* R a Mis, 
| ent =1(t G-*)— 
, . 2 PaM Se 
ar—i ois 
wn te Me 1——Me RT, Sta 
. a Mi] BM, Reo yy AT yw | 
- ; 2 (10.61) 


The Mach meee of the Soe. eenee is less than that of the free stream: 


a 1 ae SST 
one ‘ ie 
= aml 2) ° 


F-T8-97)0/V 356 


(10.62) 


SECTION 5. AN ANALYSIS Or A SUPERSONIC RAMJET ENGINE 

The thrust parameters of a supersonic ramjet engine R , Cp, I, and the overell 
efficiency are determined by the relative flight velocity A, the flight altitude H, 
the temperature ratio § , the ratio of the inlet to exit sections of the engine a 
and the pressure losses through the engine duct. We will analyze the effect of each 
of these parameters. 

Flight Speed. First we will consider the effect of the flight speed at constant 
temperature ratio 6 = const and when H = const. 


Legent: 


A) normal shock wave 
B) oblique shock wave + 
~ normal shock wave 
C) two oblique shock waves 
and a normal shock wave 


Fig. 182. The calculated variation of pressure recovery in a diffuser with Mach number. 

The stagnation temperature of the heated gases increases with an increase of 
flight speed: 

7 e : (10.63) 

Poisson's index ke decreases due to the increase uf Togs and the function x 
diminishes while the function E grows. 

The overall pressure recovery Sp decreases with an increase of velocity be- 
cause of the pressure losses in the diffuser (Figure 182) and in the nozzle. 

fhe gas dynamic coefficient K = <a Slowly diminishes with an increase of velo- 
city due to the decrease of 0 ob* 

The thrust coefficient Cp, at constant temperature ratio 6 » increases with an 
increase of velocity, asymptotically approaching the limiting value. 


Jet thrust, at constant temperature ratio, increases approximately in direct 
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proportion to the square of the Mach number for an increase of velocity. 


The ideal thermal efficiency approaches unit¢-forcan-untimited increase of velcoc- 


ier Ss ead (10.64) 

The effective thrust efficiency at first diminishes with a decrease of K at 
constant temperature ratio 8; (see Table 10.2). 

The specific thrust of a supersonic ramjet engine as follows from (9.43) is 


directly prcportional to the ratio A ,/®x for constant temperature ratio 8 and con- 


stant he-’‘r5 value of the fuel Hj, f ~-~ vhnen @ = const, Ntyae = const. 
wet t He de RN Hetreae Yo ko1)a 
k+l A ™ “Ta Acy a i" (10.65) 
since Js Ae aa N 
. «, / 2gtRT. 
8 (e+ 1) <Q.) 
V a+1 k—1,2 Att ey/ h—1)3 
/ } pecid Setcd 
ft 2gkRT, ! k len 2 és atin 
After equating the first derivative of the gas dynamic ee ar aie 


with respect to Ay, to zero, we find the optimm relative flight velocity at a 


the specific thrust will become the greatest for constant temperature ratio @: 


Vatniz sna tno. 


a+1 
From this, when k = 1.) 


Dh) Mess 
ner V a =o a V5e1,73. 


! 


(10.66) 
The optimm flight Mach number is 


- oo a . 


Ms, car = Se ed ee (10.67) 
The éptinan flight speed is greater than the speed of sounds A n opt> 1. In 
the subsonic area the specific thrust of a ramjet engine increases with an increase 
of flight speed. 
fhe maximum value of the specific thrust from (10.65) and (10.66) at constant 


temperature ratio is: 
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fat T pee aK YT 1 a-i My | N 
feu"Y sgt, A 10-1 ae (10.68) 


When XL, = A, opt * 1.735 Hy © 10,200 kcal/kg ard c, = 295 m/sec: Ipax * 
3,340 Ny.g,- When xK « 0.92, 6 +1, Ya, * 1, and @ = 3. 


The heat resistant quality of the material limits the maximm possible heating 


temperature To,. 

We will consider the effect of the flight speed upon the parameters of a super- 
sonic ramjet engine at a constant temperature Tog = const. 

The temperature ratio 6 , when To, « const, diminishes with an increase of velo- 
city An because of the increased stagnation temperature of the free stream flow: 

= J@<(). 
Te 

The thrust coefficient Cy decreases to zero for an increase of A, due to the 
decreased temperature ratio. When x axve = 1,C,*0. Hence, the limiting flight 
velocity Ap, i 


KOT Fam “ (10.69) 


: , (10.70) 
With an increase of the permissable temperature Top? the limiting velocity 
grows. When px «= ] and i = 15, then \or 292.4 and Mor =~ 10. Such, apparently, 
is the liniting velocity ee a supersonic ranjet engine. 
The specific thrust #t constant temperature, To, = const, is found from (10.37) 
PEON Foqneideratioh. (10.63). ” 
pet tigate KY FE 


, b+3 __2ghRT Te 
: @+1) +0) [FE ay —1] 


after scene my 1A) a cmV GER, anc after a conver- 


gion ve obtain 
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= VIER Hate VeI=R OOF fxy/ Te Era F} 
® = 7 7 6ay—1 (10.71) 


At a certain value of the gas dynamic function t(A,), i.e., at a certain 
flight speed An» the specific thrust of a supersonic ramjet engine for a temperature 
Tog = const reaches a maximum (Table 10.1). When a = 8, xK = 0.92 and A opt 1.9. 

Jet thrust, when Tog ™ const, passes the maximum and falls to zero with an in- 
crease of velocity in accordance with the condition expressed by the equation (10.70). 
The higher the velocity values, the greater is the temperature Tops 

The thrust efficiency, when Tog = const, passes a maximum and falls to zero 
together, with the thrust force, with a variation in velocity. 

Table 10.1 
THE DEPENDENCE OF THE SPECIFIC THRUST OF A SUPERSONIC RAMJET 


ENGINE UPON THE VELOCITY A, WHEN Hy, = 10,500 kcal/kg, xK = 
0.92 = const and B=1; Pg, = 1 andH>1) kn. 


ro 
os i 1,4 1,6 1,8 2,0 
A) 0,673 0,557 0,460 0,333 | 0,265 | 0,194 J 
dey (| 1, 180 1,195 1,222 1,153 | 1,081 | 0,968 
Onc 15 ra=0,50 
! t 4m | 18% | 1860 4 147 | 1350 | 1238 
| C= 0oer= 2,28 8 g(r oar =0,61 
rf | 170 {| 180 | 1900 4 180 | 168 | 1510 . 
{ Gan3 Wr, 593 
| ! | 17 | 1810 | 180 | 1750 | 160 | M470 
tad e056 : 
| ! | 1650 | 1710 | 1750 | 1650 j 1550 4 1380 
Tor 
7, 
a 8,38 4,45 3,68 2,65 1 2,12 | 1,553 —: 
‘as 0,518 0,546 0,570 0,606 | 0,606 | 0,535 
‘y 1525 1670 1780 1790 «| 1670 | 1390 | 


T 
Temperature Ratio. The effect of the temperature ratio 6 = Te at constant 
flight velocity was investigated before in Chapter IX. The conclusions that are made 
remain correct even when An >1,. 


The thrust and thrust coefficient grow with an increase of temperature ratio 


S 
and the calculated inlet section ratio Sy = f decreases. The specific thrust I and 


the thrust efficiency reach their maximum value at the optimum temperature ratio Oat 
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(see Table 10.2). 


ASHES. 


(10.72) 
When ue 
{Pears Fle 888 ae < Yr wat 
If the relative velocity has an optimum value, which is expressed by the equa- 
tion (10.66), and the temperature ratio also has an optimum value, which is e.pressed 
by the equation (10.72), then the specific thrust I reaches the highest possible 


value of all Imax max? 


ae p po 1 —32K? 


af ite(t- 1 Bx2K? ) (10.73) 


When ~= 1 
; 


a t= Hote (1_ YT Ri). 
For an ideal ramjet engine xK = 1 and 4 sg » 1. Consequently, 


a—1M 
Cassada |/ te He, er 


This is the limit, to which the specific thrust of a ramjet engine approaches 
when the losses tend toward zero and the temperature ratio § approaches one. 
When k = 1.4; A = 1/427; c = 295 m/sec, and Hy = 10.500 Kcal/kg 


(ne V oot Ot m= 3.400 sec. 
; 3) 


The Location of the Center Diffuser and the Inlet area Ratio f = Sy The 


inlet area ratio and the location of the center body diffuser influence the air flow 


and in this way determine che: thrust parameters of a ramjet engine. 
(Si), 


(Sm) max 
(33) - 0. In this case the flow is equal to zero: G, = 0 and thrust is absent: 


Simin 


R = 06 (Figure 183). 


The highest value of ia inlet ratio —— The lowest value may be zero 


fhe meximum possible air flow Gy »,, is equal to 
» Ge mas 0 See (10.75) 


The calculated cross sections of the inlet slot Ssycp and the diffuser throat 
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Sicr are determined from the equation of continuity for the maximum possible flow 


coefficient Y = 1: 
) Wy TrP1 * Wshch ¥ shch(Sshch)rasch * Wer Wer(Sicr)rasch 


The actual cross sections of Sghch and Sicr must be always greater than calcu- 
dated in order to compensate for the partial closing of the slot by the boundary layer. 
An increase of the throat section of the diffuser, when the location of the center 
body diffuser is fixed and at a given velocity An = const and given inlet cross sec- 
tion, does not influence the value of the maximum possible flow through the engine. 
The cross section of the stream tube of flow and the configuration of the shock waves 
does not change during this increase. 

For a decrease of flight velocity or a forward movement of the center body dif- 
fuser, the leading shock wave breaks away from the forward edge of the diffuser (see 
Figure 184b) and the cross section of the stream tube of flow and the flow coefficient 
Y diminish. JIf£ the flight speed is given: An = const, then the flow coefficient, 
and together with it, the pressure recovery depends upon the location of the center 
body diffuser. The location is determined by the angle a, between the lines which 
connect the apex of the spike with the diffuser lip and with the longitudinal axis of 
the engine (see Figures 65b and 18). The stream lines behind the leading shock wave 
are approximately parallel with the spike generatrix.:; With a:Yorward.movement.of .: - 


the center body diffuser, this angle @, decreases and, as seen from Figure 18), the 


stream tube constricts and Y diminishes. The system of shock waves which appear at 


set $s 


"tt hr- 


MYL, 
“HIE: 


3e26 


Fig. 183. The dependence of the air flow through a supersonic ramjet engine upon the 
inlet area ratio. 
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the inlet slot varies, and the pressure recovery becomes less than the maximum possible 
value (Figure 185). For a backward movement of the center body diffuser, 63 in- 
creases, a supersonic flow enters the throat, and Oy decreases (Figure 185). The 
flow coefficient remains constant: (= 1. 

The location of the center body diffuser at which the pressure recovery factor be- 
‘Gites Uae greatdet de deternined ‘experimentally. It usually occurs when the leading 
shock wave falls on the diffuser lip (see Figures 18ha and 185b). 

For a calculated location of the center body diffuser, the air flow through a 
supersonic r yet engine is determined by the inlet area ratio so With an increase 
of the inlet area ratio, the calculated throat cross section of the nozzle Pher in- 


SM 
creases. From the flow equation (2.7h) and with cansiderptlon of (2.53) we, obtain 


, | 
Roto a +1 aF 
—_ fn tea y/ 2 (thy tr! # Res (10.76) 
hy Re 


Fig e 18h. 


diffuser. 
a-- 0, = 3 q « 1; b -- a, <4; Ys; C o- 6, > % 5 ? = 1 


R 
When k : leks kg = 1.33 and Re = 1.01 


~ t 


~ 


y & tet = 
OW aan (= 1,6. 
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value (Figure 185). For a backward movement of the center body diffuser, 0; in- 
creases, a supersonic flow enters the throat, and Oy decreases (Figure 185). The 
flow coefficient remains constant: op =i. 

The location of the center body diffuser at which the pressure recovery factor be- 
‘Eifas the greoswtée’ ida deternined ‘experimentally. It usually occurs when the leading 
shock wave falls on the diffuser lip (see Figures 18a and 185b)., 

For a calculated location of the center body diffuser, the air flow through a 
supersonic r jet engine is determined by the inlet area ratio = With an increase 
of the inlet area ratio, the calculated throat cross section of the nozzle git in- 
creases, From the flow equation (2.7) and with consideration of (2653) wwe, obtain 
a nn | 


Ve k Ra (10.76) 
be Re 


Sus Cn der ater 


Fig. 18h. the dependence of the flow factor upon the location of the center body 
diffuser. 


a-- @, = a3 Yu ls bd -- O, <a) G1; ¢ -- 6, mG; Pel 


When k = l.ks kg = 1.33 and rf = 1.01 
~y rt! 
y, } 20k (tet ye 
me b+la@, Re\ 2 = 1,6 ° 
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Fig. 185. The characteristics of a supersonic diffuser. 
a ~-- the dependence of the pressure recovery upon the relative diameter 
of the center body diffuser. 
b -- the dependence of the pressure recovery of the diffuser upon the 


location of the center body diffuser. 
A) of center body diffuser. 


If the velocity A, and the temperature ratio @ are given, then at a certain 
value of the inlet f} max “3 the calculated throat cross section of the nozzle be-~ 


comes equal to the midships cross section: A further increase of the in- 


Sher . 3, 
SM 
let area ratio may be accompanied by forcing out the normal shock wave from the throat 
and a transition into a "buzzing" condition. The limiting value of the inlet area ratio 
fy wax for a given X,, and 8 is determined by the equation (10.76), if set = 1, 

fhe degree of expansion of the exhaust nozzle © may not become greater than the 
ratio of the middle of an uncowled engine to the throat cross section of the nozzle: 


\ 
Ss <e _ 
With an increase of the inlet area ratio f, the degree of nozzle expansion decreases 
and together with it, the relative velocity of the exhaust gases. Ay, and the pressure 
ratio in the nozzle a sd Cea The static pressure at the nozzle inlet edge Pj, 
increases /see Graph 77 and formula (10.10)/. 
The jet thrust at first increases with an increase of the inlet area ratio due 
to the increased air flow Gy reaches a maximum value and begins to diminish because 
of the decrease of the gas dynamic function A, + x The net thrust reaches a max- 


Lam -at a samewhat larger inlet ratio, since with an increase of Sh the external 


Gdrag of the diffuser envelope Xop decreases, The value of the inlet area ratio, at 
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the tempsrature ratio 4 , and upon the losses in the engine. 

The specific thrust of the engine at a constant composition of the mixture X= 
const, (as follows from (9.3), depends on the relative velocity of the exhaust gases 
ww. The velocity incresses with an increase of the degree of expansion of the exhavst 
nozzle, and reaches a maximum at 

Golan 
The ratio of the inlet to exit sections a also has a calculated value which is ex- 
pressed by the equation (10.14). Consequently, the specific thrust is maximum for 
the design point ratio of the inlet to exit sections. 

The mirdmum cross section of the inlet is determined by equation (10.1h). At 
this value the specifi. -hrust is maximum. The maxinum permissible inlet cross sec- 
tion, at which a "buzzing" condition may occur, is determined by the equation (10.76) 
under the condition that the throat cross section of the nozzle merges with the mid- 
ships section: ch =1, If the heating is not too fuitehal ye: the "buzz" may occur 
at — 1. The ee inlet cross-section, at which the a thrust reaches maximun, 


s s 
1. (81) 1 
lies between eae and s* Le 
Sy (Si rasch M 


S 
With an increase of AG when ®@ = const, ay ay decreases. With an increase 
ras 


of flight speed when 9 = const, 2, ae decreases insignificantly due to the de- 
u/Ta 


crease of the gas dynamic factor i = AL, When Tog « const (or when & = const) with 


B 
an increase of Ay 


T 
4d oe te cay 


ddstinishes md the inlet area ratio grows, gradually approaching ono. 

The discussions covered in this paragravh refer to a series of engines whose 
erose-sections and inlet and exit sections have design point values for my flight con 
ditions and at any tenperature ratio, while the pressure recover is at the maximus 

fn engine, the cross-sections of which may be controlled, is called a yarjable 


gernetry engine, A warjable geometry engine diffors from an optimun engine, since 
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maximum, depends upon the flight speed. It is) icpparntay;-Jcgoesible-ts: changn : the 
Qian: rake. angie’ feotis anclia)- ine accord-neecedth ths change of:flight speed, 

Usually the position of the spike(or core)and the throat section of the nozzle 
is controlled. 

The regulating, velocity, and altitude characteristics of a supersonic ramjet 
engine differ. 

The characteristics may be plotted for a variable position of the bullet and 
adjustable throat section of the nozzlc3 for a constant position of th bullet and 
adjustable throat section; and, finally, for a fixed geometry of the engine, ‘In this 
way, the characteristics of a variable-geometry engine, the characteristics of a 
partially variable-geometry engine, and the characteristics of a fixed-geometry 
supersonic ramjet engine differe 
SECTION 6. THE REGULATING CHARACTERISTICS OF A SUPERSONIC RA JET ENGINE WITH A 

VARIABLE-GEOMETRY NOZZLE 

The regulating characteristics describe the dependence of the parameters of a 
supersonic ramjet engine upon the temperature of the gases, which is determined by 
the heat liberation in the combustion chamber (Figure 186). If the engine operates 
on a molecular fuel, then the heat liberation is determined by the composition of the 


fuel-air mixture and the combustion efficiency 9 se 
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Fig. 166. The revwating characteristic of a aupersonic ramjet engine with a 
variable-geometry nozzle. 
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- During operation on a molecular fuel, the control of heat liberation is accom- 
ished by varying the fuel feed Gp, changing the fuel feed pressure, or by changing 
2 mamber of operating faseevene: 

The throat section of the nozzle is contrclled so that the air flow remains 
istant and equal to the maxcLanm ee value 
iG rensny/ & £ pSyM « 
d the flow coefficient would be equal to one, p= 1. 


If the cross section of the nozzle has a calculated value, witich is determined 
the equation (10.76), then the pressure recovery will have the maximum possible 
‘ue for a given diffuser at a given velocity (see Figure 182). 

With an increase of the temperature ratio 6 and with a decrease of the pres- 
re coefficients o%4, Sy, Sg, and 6', the calculated throat cross section of 
e noszle Sicr increases. If M, = 3~, then during a variation of the temperature 
tio from the optimum value 6 oot = 2.3 to the maximum possible on a hydrocarbon 
al when = 1 and 6,,, ° 4, the calculated throat cross section of the nozzle 

Ps opti tanta oe ay 
creases approximately V 2-Vs~8 times. 

The control of a supersonic ramjet engine within a wide range 'f temperatures 
quires a variation of the nozzle's throat cross section by less than one third. 

The computation of the regulating characteristics of a supersonic ramjet engine 
th a wariable-geometry nozzle is carried out in the following order: the velocity, 
ight. altitude, and nature of the fuel are given. A diffuser, which will insure the 
ghest pressure recovery Oy at a given flight speed, is chosen. The enthalpy of 

.@ stagnation flow lo, * STON is computed and the stagnation temperature Tp, is 
und according to the i-T diagran. 

A series of air excess ratios &% is given and the enthalpy of the combustion 


‘oducts is determined. 


Ld 


= Huree ‘ 
ts, fe pat 


fhe stagnation temperature of the combustion products is found by the i-T 
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diagram for the corresponding composition of the mixture and the pressure po3. The 
combustion efficiency is obtained by the experimental characteristics of the combus- 
tion chamber. 

Poisson's index kos found with oF aid of i u-T and 1-T ‘diagrams, (see Figures 
90 and 92) is: ae iat Vise aa 

Without considering disassociation, Ke 


may be found hy graph 86. after deter- 
wining Kes the functions x, X , and f are calculated. 


The relative velocity at the chamber inlet A> is determined by the degree of 


S 
«Sfuser expansion (Figure 187). 
Sler 
The velocity at the inlet to the combustion chamber w = axAo- The Reynolds 
. wood 
number of the flow, in the forward portion of the engine is: Re = Js &: 


The coefficient of local resistance C is determinec by the Re-rmmber and the 
chamber design. 

The air flow through an engine with a variable geometry nozzle is constant and 
does not depend on the fuel feed: G = const and wo = const. The local pressure 


losses, which are expressed by the formula (8.19), also remain constant Sy, = const. 
A 
Sa 


Ly YY 


|= 


” he 
Fig. 187. The dependence of the relative velocity at the diffuser outlet ro upon the 
inlet area ratio f) = 51. 
82 


T 
The temperature ratio increases with the enrichment of the mixture: @ = =. 
Ox 


The relative velocity before exhaust Ay in accordance with (8.31), increases 
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with an increase of heating. The pressure coefficient decreases during combustion 
(8.34). 
The stagnation pressure ahead of the discharge from tue nozzle, uiminishes with 


an increase of heating: 
; ! Bs pd 
; Pam 88st 


sae Oe 
The throat cross section of the nozzle 5)... increases in conformance with (10.76) 


during an increase of heating 68. If the exhaust cross section of the nozzle S}, is 


$ 
constant, then the degree of nozzle expansion € = = and the relative velocity of 
er 
the discharge gases Ai decrease with an increase of heating while the pressure at 


the exhaust section p), = ad = RES increases. 


The velocity of the exhaust gases w), increases with an increase of heating 0 


owing to the increased temperature Tog = 9 Tox: 


@,=) 4, ay her, 07, « (10.77) 
Jet thruat R and the thrust coefficient CR grow with an increase of heating: 
ee (10.78) 


z =F —F —Pu(Si—Sz) 4 

The stagnation impulse of the free stream flow does not depend upon the temper- 
ature ratio when using a variable-geometry nozzle. 

The impulse of the exhaust gases, at low temperature ratio, becomes equal to 
ths stagnation impulse of the free stream flow while the thrust force falls to zero, 

1 
if es TA Te 
Guin 2,242 
The specific thrust of a supersonic ramjet engine at first increases during a 


decrease of the fuel flow and then reaches. maximum at optimum heating 


. tty 
? ls PO me — 12K? * 


During a subsequent decrease of heating from 6 = OB oin the specific thrust falls to 
zeroe 
If the flight speed is less than calculated, additive wave drag Xdop appears. 
The effective thrust Ror is equal to 
beg Kaew 
The effective thrust, relative to a unit of fuel consumption, is called | 
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the effective specific thrust (specific impulse) If: 


. a he  __& e - 
The effective specific ‘thrust ( specific pues): reaches maximum at a somewhat 


greater temperature ratio, i.e., at lower air excesses, than does the specific thrust 
I, since the difference of F) ~ F, - p,,(S), - S,) - Laop diminishes quicker with a de- 
crease of & than does the difference of Fy -F,- Py (5), - S,)° 
SECTION 7. THE REGULATING CHARACTERISTICS OF A SUPERSONIC RAMJET ENGINE WITH & FIXED- 
GEOMETRY NOZZLE 
If the engine is equipped with a fixed-geometry nuzzle 5S), = const anu S}, = 
const, then when To), <To, Grasch the pressure ahead of the exit nozzle po3 will be 
determined by the stagnation temperature of the combustion products Tog (see 10.17). 
Tne nozzle throat cross section S),, must be chosen sc that during the highest 
temperature for which the combustion chamber is calculated TOg maxs the pressure 


Po3 remains less than the maximum possible value: 


, Pa < 0,0,0,, Pe _ 7 


a i oe 
The relative velocity of the gases, which discharge from the fixed-geometry 


nozzle, Ay is constant: A, = ¢' S,) . const; 2( Ny) = const. The discharge 


(s 


) 
velocity wl, increases in Sgcportiont to ay Tog 


e—1 
AR 
Te Pha, = bY pea Ty = Fa Tu! - a) Pa 


/ 
The pressure at the nozzle exhaust edge P increases with the peer of Tog 


due to the decrease of pressure po3: 27 “ 


99% Scr3 \ 
Py PM a Poste. Ponta ates ; 


e 


since the normal shock wave moves from the diffuser exhaust section S) [sic So/ to 
its throat S),, with an increase of the temperature Tog and on increases because of 
the decreased losses from the normal shock wave. 

For a temperature ratio at which the pressure Po3 has a maximum possible valve 
1.@e, QO « 02:2 ch? the parameters of engines with variable and fixed-geometry nozzles 


match. At the other temperature ratios the parameters of a fixed-geometry engine are 
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lower than those of a variable geometry engine. For a temperature ratio that is 
higher than calculated, the pressure ahead of the nozzle reaches its maximum possible 
value P03 * Sg Oy Sag Po, and the discharge of the gases decreases in inverse propor- 
tion to V Tog until the “buzzing” actually appears. G, is constant in a controllable 
engine. When 9> ee the thrust of a fixed-geometry engine is less than that 
of a variable-geometry one, due to the decreased air flow rate. 

If @< Op aach? then the pressure in a fixed-geometry engine decreases and 
the degree of nozzle expansion & * gt and the relative exhaust velocity Xx }, remain 
constant. At the same time, as the pressure before the exhaust in a variable-geometry 
engine remains constant, the nozzle throat section decreases, the degree of expansion 


E = st increases and together with it, the relative velocity of the exhaust gases 
“ucr 


rx 1, grows. Therefore, the thrust of a variable-geometry engine is greater than of a 
fixed-geometry one when the heatings are less than calculated 6< Ook because 
the welocity of the exhaust gases is greater in the former than in the latter. The 
thrust of an engine with a constant-area nozzle falls to zero when the heating | 
decreases, and during larger heatings (during lesser % ) than those of an enjine with 
a variable-geometry nozzle. 

The specific thrust of an engine with a fixed-geometry nozzle is equal to that 


of an engine with a variable-geometry nozzle when 6 = @ 


Pusch? During all the re- 


maining heatings, the specific thrust of an engine with a fixed-geometry nozzle is 
less than that of an engine with a variable-gecmetry nozzle. The specific thrust 
of an engine with a fixed-geometry nozzle goes past the maximum value and falls to 
sero at much richer mixtures (at lesser ®% ) than dces an engine with a variable- 
geometry nozzle. 

The increase of the specific thrust I and the thrust coefficient Cp, déLenmithabl 
by the nossle'geometry, depend on the ratio of the actual heating to the design 


heating 5 and on the flight speed. 
rasch 
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SECTION 8. THE VELOCITY CHARACTERISTICS OF A SUPERSONIC RAMJET ENGINE 
During a variation of flight speed mM, the relative pressures, temperatures, 
and densities in the shock waves (see Figure 39, 40, 1, and 2) change as do the 
incidence angles of the shock waves (see Figure 43). The critical velocity in the 
diffuser throat and the stagnation parameters in the combustion chamber of a super- 
sonic ramjet engine change, and together with them, the thrust parameters of the engine. 
It is possible to select for each flight speed a diffuser which offers the high- 
est pressure recovery Og; the optimum heating P opt , at which the specific thrust of 
the supersonic ramjet engine reaches its highest value, and finally, the location of 
the center body diffuser and the throat section of the exhaust nozzle at which the 
shock waves focus on the inlet edge, unile the pressure in the combustdor chamber .. 


~~ eer: 


“ghéad ofthe exit Fo3 ‘attains the maxim, 


posite gin conra 
G- mepseynupyiscd NBAA 


Legend: 


a—completely variable 
b—-varieble-geonetry nozzle 
c—fixed—geometry ranjet 

c) 


yp 8 J0- 35 40 ASM, 
Fig. 188. Tha velocity characteristics of a supersonic ramjet engine. 


The dependence on the flight speed of the parameters of a series of optimum 


engines, for which the pressure recovery Og: the cross sections S) and Sher? tempera- 


| ture ratio 9, and the other parameters have an optimum value, are called the velocity 


characte.istics of optimum engines. If it were possible to manufacture an engine with 
a variable-geometry diffuser and nozzle, then its velocity characteristics at the 
same temperature ratio, would be comparable with the characteristics of a series of 


optimum engines. 


F-1S-97L,0/V 372 


The velocity characteristics of a supersonic ramjet engine with a fixed 
peometry for a certain calculated flight speed have a commn point, while at all 
other speeds they lie below it. Therefore, th: velocity characteristics of a vari- 
able-geomtry engine present an interest as those representing the upper limit for 
fixed-geonetry or partially variable geometry engines. 

The Velocity Characteristics of Optimum Engines (Figure 1682). For the calcu- 
lation of the velocity characteristics cf a series of optimum engines, a series of 
flight speeds, for example, Mach numbers 2, 3, , and 5 are selected, and for each 
Mach number the most suitable diffuser which offers the maximum pressure recovery 
O gis selected. When M¢1.5 a diffuser with a normal shock wave at the inlet is 
usually chosen. When MS 2 a diffuser with a system of oblique shock waves is select- 
ed. The selection of a diffuser represents the most painstaking portion of the cal- 
culation, since it is necessary to test a series of diffusers which have various 
numbers of shock waves and various flow rake angles for each of the velocities given. 
The design of a multi~shock-wave diffuser may be accomplished as was stated in Chapter 
I¥. Experimental data sbout diffusers are stated, for example, in the work of Ferri 
end Nuced 2 The design velocity characteristic of diffusers, which offer the maximum 
possible pressure recovery at any speed, is depicted in the graph in Figure 182. The 
Og and ase for any velocity are determined by a similar experimental graph. For a 
flight re a design point velocity for a given diffuser, the shock waves are focused 
on its forward edge. Then the cross section of the stream tube flow is equal to the 
cross section of the inlet: S, = 5,. With an increase of velocity the air flow in- 
creases in direct proportion to M.. 

With an increase of An the gas dynamic function alAn) quickly diminishes and 
the calculated throat section we decreases in accordance with (10.7) and the inlet 


area ratio 52 increases (19.14) when & = const or Tog = const. 


3h 


ax = ert 


1 
Ferri and Nucci, NACA Rop., No. 1189, 1954. 


During a decrease of the pressure recovery in the diffuser 6 q the air in the 
throat seems to be less compressed and the calculated section Sigy increases. 

The relative velocity in the outlet section of the diffuser A> may be found 
by Figure 187 (10.6). With an increase of flight velocity A» dininishes due to the 


increase of the ratio 52 
ler 


The pressure coefficient increases during the flow around the local resistances 
(flame holders) & y» With an increased initial velocity Ans because of the decrease 
of Ne 

The temperature of the combustion products Tog» is determined from the i-T dia- 
gram and is dependent upon the stagnation erthalpy log: Tog increases with an in- 
crease of velocity due to the increased stagnation enthalpy of the free stream flow 
Lon * a 

TAR) 

The temperature ratio for a constant composition of the mixture & * const 
or for a constant temperature of the combustion products Tog = const, decrease: — 


T 
with an increase of flight speed: 9 = peti n)- 
n 


The relative velocity after combustion A3: which is expressed by the equation 
(8.42), decreases with an increase of flight speed An due to diminishing temperature 
ratio 8 and the relative velocity No The pressure recovery'fox S&ombustidn. O53 we at 

BaTeH. ; 

The" total pressure recovery of the engine O)), diminishes with an increase of 
speed due to the rapid increase of losses in the diffuser and nozzle, although the 
local losses and losses during combustion decrease. 

The design throat section of the nozzle S),,,; diminishes with an increase of rn 


S 
(10.76). The degree of nozzle expansion E = and the relative velocity of the 
her 


exhaust gases ry, increase with the growth of Ay. The ratio moe does not depend 

on the velocity in an ideal ramjet engine: ~ * 1. In an actual supersonic ramjet 
n 

engine the ratio a at first diminishes with an increase of velocity due to the rapid 


decrease of Ty and @,, then passes tha minimum and increases insignificanbly duo to 
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the decrease of Poisson's index Xe of the combustion products (Table 10.2). 


Table 10.2 
THE DEPENDENCE OF THE PARAMETERS OF OPTIMUM SUPERSONIC RAMJET 
ENGINES ON THE FLIGHT SPEED 


- k= 1.4, B=1 


§ Ay 1,8 2,0 ‘ 2,1 2,2 2,3 - 
= 4 He "4,72 3,16 3,72 4,56 6,2 
| Poe 5,2 46,8 105 316 1950 
Pa 
ke 1,39 1,35 1,33 1,32 1,31 
ToeK 600 1499 1809 2500 3279 
Bog N,87 0,41 0,24 0,13 0,05 
K 0,97 0,935 0,93 0,94 0,97 
tere 1,7 2,2 2,3 2,2 1,84 
¥ 0,375 0,667 0,735 0,807 0,871 
: (ia)aae 0,% 0,63 0,615 0,83 0,71 \ 
: i ee 0,208 0,42 0,45 0,51 O62 


eh ee 


The thrust quickly increases with an increase of the flight speed, pass- 
es the maximum and then falls to zero when An * Ay pred due to the losses of ten- 
perature ratio and the pressure recovery decrease in the diffuser and nozzle 0 d and 
Os. 

| The specific thrust I grows with an increase of velocity An passes the maximum 
when An a An opt and falls to zero together with the thrust, 

The overall efficiency of a supersonic ramjet engine increases at first with 
the increase of the velocity, then passes a maximum and begins to diminish. 

The Velocity Characteristics of an Imgine with a Given Diffuser and a Variable- 
Geometry Nozzle. The diffusers of engines are usually fixed geometry ones. The in- 
let section of a fixed-geometry diffuser is constant: 5S) = const. Pressure recovery 
depends on the flight speed. It is possible to select a diffuser which will produce 
the highest pressure recovery when the design flight speed M, = M.,5.,- At all speeds 


that are lower than calculated (M, <M 


Saeoh? the diffuser will produce a lesser pres- 


sure recovery than a diffuser which is designed for a given velocity: Oq <Opagsch- 
At off-design velocities the flow factor decreases: p << 1 and additive wave re- 


sistance Xyo) appears. Therefore, at velocities, which are less than calculated 
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(© <Mrasch), a supersonic ranjet engine with a fixed-,conctry ciffuser will have a 
lower thrust coefficient, specific thrust, and total efficiency than those engines 
which have diffusers designed for a given velocity (compare curves ‘a' and ‘b' in 
Figure 188). 

We will examine in greater detail how a supersonic ramjet engine with a given 
diffuser operates in off-design velocities. If the velocity is less than design: 
Mn < Measchs then the incidence angle of the shock waves increases (see Figure 1805) 
and a portion of the air, which was compressed in the last oblique shock wave, is 
directed past the inlet slot of the diffuser: the flow cocfficient Y dininishes. 

The flow rake angle W proves to be less than required te obtain the maximun 
pressure increase during stagnation. The coefficient Or, wili b. less than for an 
optimum selection of flow rake angles, and the pressure in the combustion chamber 
turns out to be less than the possible maximum. In order to eject ali the gas in 
the combustion chamber which can pass through the diffuser throat for a given pres- 
sure drop, it is necessary to either decrease the temperature of the combustion pro- 
ducts or to increase the nozzle's throat section Sher° 

During acceleration an engine usually operates at a state of maximum thrust at 
a@ possibly large temperature Tog = max, i.e., when & = 1. In order to avoid "buzz- 
ing" at a given diffuser inlet area ratio f; = = an engine may be started at such a 
Mach number M,j,, at which S).. has a maximum possible value (for example Sjcor * S3 * 
Sy) at 8 max (X = 1). During further acceleration, the throat section of the nozzle 
must be decreased, but remain greater than the minimum value ed at which the 
normal shock wave still remains in the diffuser. The pressure re of jhe nozzle 
has a maximum possible value with a given diffuser and a given M,. If during accelera-. 
tion a will be insufficient for the passage of the hot gas, then the terminzl noi 
mal shock wave is expelled from the diffuser duct and will be located in front of the 
inlet slot, "buzzing" occurs, and the operation of the combustion chamber may fluc- 


tuate. 


The Velocity Characteristics of a Fixed-Geometry Engine. At off-design conditio 
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engines with fixed-geomatry nozules hive poore.s paranevers th.n do engines whose 
“nroat sections nay be varied (see Figure 18%c). In order to decrease the velocity at 


which the operation of the engine becomes unstabie, the exit throat area ratio of the 
i] 


engine a js made larger (up to one) and the inlet area ratio is made less than 
one, Then at the beginning of independent operation when &° 1, the pressure ahead 
of the exit Po3 is close to the maximum possible values Po; < vy Ou OP on" 

With an increass of flight speed, the pressure recovery of the diffuser a; will 
be decreased ani become lower than in an engine which is designed for maximum pressure 
recovery, Ho.ever, the engine ticust will be sufficient to overcore the frontal drag 
of the device, and the specific thrust will prove to be several tines greater than 
that of a ZhRD [Liquid-fuel rocket engineZ For this reason the use of vz-riable-zeom 
etry supersonic ramjets, in certain cases, is more advisable than that of liquid-fuel 
rocket engines. The usa of a variable-geometry nozzle may increase the thrust and 
economy of an engine by more than 25%, However, for various types of flight vehicles 
with shcrt flight ranges, such an increase of economy does not justify the construc- 
tion complications and weight increase that are inevitable with the additicn of a vari- 
able-geometry nozzle. Therefore, in self-accelerating missiles, which are intended for 
short and medium flights, the use of fixed-geometry supersonic ramjet engines with cm- 
vergent diffusers and fixed-geometry nozzles having large openings may prove to be more 
advisable (see Figure 178d). 

Single-regime engines, which are intended for flight ut a constant velocity at 
a single altitude, shovid be equipped with an optivum diffuser and a fixed~geometry 


nozzle, which are designed for a cruising flight speed. At this speed their param 


eters are comparable to the parameters of a totally variable geometry enjine. 


SECTION 9. ALTITUDE CHARACTERISTICS OF A SUPERSONIC RAMJET ENGINE 

The altitude characteristics are defined as the dependence of the parameters 
of a supersonic ramjet engine during constant speed (M, = const) and a ~onstant mix- 
ture composition (C{ = const) upon flight altitudes (Figure 189). 


With an increase of flight altitude, the air flow -urough the engine varies in 


direct proportion to the atmospheric pressure Py ata given altitude H, and in inverse 


propo:tion to the square root of the ambient temperature T,: 


r k : 
' ' a DA V a ° 


For a flight in the stratosphere T, © const, and the flow depends only on pn. 


The fuel flow rate Gp = when My, = const and © = const is directly propor- 


tional to the atmospheric pressure py 


0, eMuS “gk 
G.— ap, MeSry / Be 
3 el Pa el AT y 


The fuel flc.; rave diminishes with an increase of flight altitude H. 
The thrust coefficient Cp and the specific thrust of the engine I increase in- 
significantly during an increase of the flight altitude up to the stratosphere due to 


the increased temperature ratio since 6 diminishes. 


! ge ae Hyatert Qa) 


Tex (l+-al)esTs 
During a flight in the stratosphere Cp and I remain constant. The frontal 


€ 


thrust of the engine varies in direct Beanenn-on to pp: 
R eg CRP UM, 


The pressure in the combustion chamber dinirishes in direct proportion to py: 


Por, Pou = Pa ae 
r) A 


' The pressure recovery factor in the diffuser Og does not depend on the flight 
altitude H. - i 


Legend: 
i eae A) diminishes 
ote et ee B) Troposphere 
Whe C) Stratosphar: 


Fig. 189, The altitude characteristics of a supersonic ramjet engine when My, » const 
and f= const. 


During a pressure drop in the combustion chamber the dispersion of the fuel 
deteriorates, the drops become larger, and the jet » dens. The heat exchange between 
the drops and the air deteriorates because «° the decrease in density. Therefore; 
the evaporation and combusticr, of the drops ‘n the combustion chamber is slowed during 
an increase of flight altitude and the combustion efficiency Ase drops. The combus- 
tion chambers of engines that are intended for high-altitude operation mist be equipped 
with special devices that improve carburation and intensify combustion. 

& very high altitudes the pressure in the combustion chumber falls so iow that 
the evaporation and combustion of a common hydrocarbon fuel tecomes impossible. 

The greater thc flight speed M,, the greater the proasuro-ratio‘increagsa‘in '. 
the combustion chanber 723, and the greater the altitude to which the absolute pres- 
sure in the combustion chamber retains a value that is sufficient for rapid and ccom- 
plete combustion (Figure 190). At a flight speed Mu, ? 6 and oy = 0.25 the pres- 
sure in the combustion chamber does not fall below 0.5 ke/en@ even at an altitudes 


that exceeds 1,0 kn. 


SECTION 10. THE USE OF SUPERSONIC RAMJET ENGINES 

At high supersonic flight speeds (M, > 3.0), ramjet engines develop a highe 
specific thrust than do all other types of engines. Their frontal thrust is suffi- 
clently great to overcome the aerodynamic drag of the flying vehicle. Information 
about several important flying vehicles with supersonic ramjet engines, as printed 
in the foreign press, is stated below. 

Winged Long-Range Missiles The American firm -- North American -- developed 
a project of an intercontinenta). supersonic winged missile, the "Navaho", which is 
propelled by supersonic renjet engines (see Figure 21). The flight speed M, + 
2.5-3-0 at an altitude of more than 15,000 m. The design flight range is 8,000 km. 
The guidance of the missile is accomplished by estronawigation {method dhe! pay.” 


load is sufficient :o carry heavy atomic and hydrogen bombs from one curtinent to 


another’. 


ardner, G. W. H, Guided Miselles, Engineering, Nov. 26, 195k. 
Voprosy raketnoy tekhaiki /Problems of Rocket Technology/, 1956, No. 1. 


Fig. 190. The dependence of the limiting flirht altitude of an actual supersonic 
ramjet engine upon the Mach numvor My, when the given pressure in the 
combustion chamber po2 = const. 

Supersonic Fighters The French designer Rene Leduc! is engaged:.for several 
'fearounow in". Kloping’e supersonic Fighter-intgeeptor.. The take-off weight of 
the aircraft is almost six tons; the diameter of the engine is 2.28 m. The aircraft 
starts with the help of small turbo-jet engines installed on the wing tips or is 
carried to a high altitude by a mother-aircraft. The supersonic interceptor, which 
is intended fix flights at varying altitudes and at varying speeds should be equipped 
with a multiple regime engine having an accelerating diffuser, a two-stage combus- 
tion chamber (pilot and main burners), and a variable-geometry nozzle. The diffi- 
culties which appeared during the creation of such an engine were so great that the 
development of Leduc's aircraft, the flight tests of which began in 1952, is still 
not finished. The experimental models still fly with subsonic speeds, although the 
shape of the center body diffuser in the diffuser inlet shows that the design velo- 
city lies between M, « 2.5 and M, = 3. 

Fighter a..craft with supersonic ramjet engines, carricd on mother-aircraft ani 
launched into the air at the far approaches to defended targets, may serve to inter- 


cept supersonic piloted and pilotless bombers and missiles of the "Navaho" type. 


According to the data of the American press published in the year 1957, the 


work on the "Navaho" project was interrupted in order to increase the design speed. 


Asutton, G. P., History, Problems, and Status of Guided Missiles, Jet Propul- 
sion, vol. 25, 1955, No. 41. 
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Projects of piloted interceptor aircraft, propelled :, ramjet engines with 
peverecnt supersonic diffusers, were developed in 193-19); by Senger (see Figure 
177) and Lippisch in Germany. Their projects, az was mentioned in Chapter IX, were 


not translated into reality. 
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Fig. 191. An experimental aircraft -- the Leduc 010 with a multiple regime supersonic 
ramjet engine. 


Antiaircraft Missiles Supersonic ramjet engines may also be used to propel 
the second stage of guided and unguided antiaircraft missiles (Figure 192). 

Th. missile starts under the action of a PRD /Solid Fuel Rocket/ or a ZhRD, 
which is installed in the first stage. At the moment when the fuel contained in the 
first stage burns out the missile has successfully gained the altitude and develops 
the speed that is necessary for the operation of the supersonic ramjet engine. 

Figure 192a shows a photograph of the English antiaircraft missile "Thor", taken at 
the moment the booster rockets are released. The second stage continues to gain al- 
titude and speed under the action of the supersonic ramjet engine. 

Owing to the fact that supersonic ramjet engines have a significantly higher 
specific thrust than do rocket engines, the duration of the powered flight of the 
second stage, propelled hy a supersonic ranjet engine, is several times greater than 
for a missile of the same weight propelled by a liquid fuel rocket engine. 

Several English firms manufacture antiaircraft missiles, the second stages of 
which are'propelled by cupersonic ramjet engines. 

In England, apart from the *Thor" missile mentioned, the Napier firm, in order 
to study free supersonic flight, built the NR-Jl rocket {sic, missile / with a super- 
sonic ramjet engine. This vehicle was equipped with a simple divergent diffuser, and 
started with the aid of four pairs of solid-fuel rockets wuich surrounded the engine 


body (Figure 192b). The length of the rocket is 6.1 mari its diameter is 0.45 m. 
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Fig. 192. Guided missiles with supersonic ramjet engines. 

a -- the English guided missile "Thor" with a supersonic ramjet engine 

at the moment the starting rockets release, b -- an English guided 

missile of the Napier firm, c -- the American winged antiaircraft 

missile, the "Bomarc". 
Another English rocket with two supersonic ramjet engines from the Bristol firm was 
first demonstrated at the Farnborough Air Show in 1954. The design velocity of the 
rocket /sic -- missile/ was equal to twice the speed of sound. 

Rockets [sic/ of a similar type are also developed in the USA, for example tue 

XSAM N-6 "Talos", "Cobra" (M = 2), and others. 


A second stage equipped with wings is able to fly a greater distance than a wing- 
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ss rocket of the same weight. The American guided antiaircraft missile manufactured 


the Boeing and Marquardt firms, the IM-99 "Bomarc" (Figure 192c), belongs to the 
nly of two-stage winged rockets /sic/. The length of the missile is 20 m, the 


igspan 11 m, the weight 3,860 kg, the speed MN = 2.5, the ceiling is 18,300 m, and 


a range is 80 km. The "Bomarc" missile, which is intended for the interception of 


my aircraft, is guided by radio command. Its armament consists of the GAR-98 air- 


-air missiles. The missile takes off under the action of an Aerojet liquid-fuel 


ket engine. Two Marquardt supersonic ramjet engines located under the fuselare, 


installed in the second stage. 
Winged antiaircraft rockets of the "Bomarc" type, located on a launch pad in 
vicinity of the defenued target, are capable of overtaking enemy aircraft from 


teaver side they approach the target. Wingless antiaircraft rockets with liquid- 


’ rockets of the "Nike" type, the range of which is almost 20 kn, mst be arranged 

. ring around the defended target, since their range is too short to intercept 

e aircraft which approach the target from the opposite side (see Figure 1h). 
Air-to-Air Type Missiles. Supersonic ramjet engines have been successfully used 


he primar: engines in air-to-air type missiles. The "Orion" missile of the Martin 


is an example. The take-off weight of the missile is 680 kg, the flight speed 
= 3, and the range is 32 lm. The missile, which is launched from an aircraft, 


quipped with radio guidance and a homing system control. It is intended to des- 


enemy bombers. 
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CHAPTER XI 
ATOMIC RAMJET ENGINES 

Those ramjet engines, in which the heating of the air is accomplished by a con- 
trolled fission reaction of atomic nuclei in an atomic reactor, are called atomic ram- 
jet engines. An atomic reactor is substituted for the combustion chamber of an or- 
dinary ramjet engine, which operates on a molecular fuel (Figure 193). 

As was mentioned in Chapter I, tyo methods of heat exchange between the aton- 
ic reactor and the air are fundamentally possible: direct heating, in which the 
air flows through the reactor (see Figure 7a), and heating with the aid of an inter- 
mediate heat-transfer agent (see Figure 7b). In the latter case, a liquid heat-trans- 
fer agent flows through the reactor and in a special heat exchanger transfers the heat 
obtained to the air. Helium under very high pressure,or molten metals: sodium, 
potassium, arid others, may serve as the heat-transfer agent for jet engines. 

The exact computation and design of reactors represents a special section of 
atomic power engineering which requires special training. From the viewpoint of an 
aircraft engineer, an atomic reactor is a heat liberating and heat exchanging unit, 
which, in order to be suitable as an energy source for aircraft, must have a weight 
and dimensions which do not exceed certain permissible limits. From this viewpoint 


we will consider the present problem, limited by the scanty information about these 


reactors. 


SECTION 1. A SUMMARY OF INFORMATION ABOUT ATOMIC REACTORS 

A fission reaction of the atoms of y233, 235, or Pu239, which takes place 
under the action of neutrons, is used to obtain atomic energy. 

During fission the mucleus of a radioactive substance, after having captured a 
neutron, splits into two smaller nuclei of approxinitely equal mass and into a number 
of neutrons; for example, 

” SGaE aA Ae oe (11.1) 
Here the symbols A) and Az indicate the atomic weights of the fission products, 
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Fig. 193. A schematic of an atoric aircraft. 
which vary within the limits of 72 to 162. The symbol v indicates the average nur- 
ber of neutrons formed during fission. For wrandum-236: Y = 2.5. 

The total mass of the fission products is less than the mass of the fissioned 


atom with a captured neutron: 


£ 


At Ast ncUS+n, 1 = (11.2) 

The loss or defect” of “the mass 1s apparently equal to 

Am=U"4n—A,—Ar—vn. 

Experience shows that’ for the fission of 235, the average mass defect is 
Smat0.2] am. One am is an atomic mass unit.. 

The mass "loss" is transformed into energy which is released during fission. 
The fission energy is found from the mass defect by using Einstein's equation, 
considering that an atomic. mass, amit gs%ecAl we '1.66 - 10724 ge 1.66 » 1072h . 
3013 * 1079 ergs. ; 

{ Bxxctam==(3-10)?-0,21-1,66-10-=313.10-lergs, 

In atomic p wer Seclasertie: the energy of the particles is usually expressed 

in electron volts and mega-..ectron-volts (ev and mev). The charge of an electron is 


qral to 1.6 ° 10719 coulombs. Consequently, 


1 ev = 1.6 + 1079 coulombs. Lv = 1.6 + 10729 joules = 1.6 ° 1074 ergs. 
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1 mev = 10° ey = 1.6 + 1c-& ers: > ise. 107) 3 jowes = 1.6 « 1O"*© Kilowatl secon: 
= 0-2h ° 1.6 + 10-16 © 0,384 + 10726 Keal. 
1 amu = 1.49 ° 1073 ergs = 931 mev. 
The fission energy is 
E = 0.21 am = 0.3 ° 10-3 ergs = 200 mev = 1 kilowatt seconds 
g Fold 


1 kilowatt = xs » 1016 mev « one ° 1016 ., 3 - 1013 fissions per second. 
. Bec 


The fission energy is distributed between the fission products approximately 
as follows: 

ie energy of the fission fri:, _ ts. 2. . « « » « » - nearly 166 m ° 

The energy of the fission neutrons. « - « © «+ «ee ©" 5 oA 

The energy of Y radiation... ..-.seeeee ee ® 10 * 


The energy of the electrons and their accompanying 
neutrinos e t e e ° e ° e ° ® e e o e e ° ° o e ° 


The nunber of atoms which are cortained in one kg of uranium-225 is equal to 


N= See = 2.56°1024 atoms. Consequently, the energy of 1 kg of uraniun- 
235 that is released during complete fission is: Hy235 = 2.56 ° 1024 + 200 mev « 
- 10° 
512 + 1024 - 0.384 « 10726 = 1.96 + 1010 Keal, i.e., veo ~ 1.87 + 10° times 
Lge 


greater than the combustion of benzine. In other words, the complete fission of 1 
g of uranium 235 releases almost as much energy as does the combustion of 2 tons of 
petroleum products. 

The neutrons which ure released during fission promote the fission of new atoms 
of the active substance and support a continuous or even a growing atomic chain re- 
action. 

The fission neutrons move with very hich velocities, By assuming that the 
average energy of each fission neutron is equal to E, = 2 mev = 2 « 1.6 -10-6 ergs, 


and that the mass of the neutron m, = eed 66 + 10 ~24h ¢ we find 


. 


2E 2 2.1,6-10-6 3 a 4, 
| way / * af ee 1.66.10-7" == 2-10’ cm/sec = | 
‘ = 20000 km/sec. 
The probability of capturing these fast neutrons by the atoms of uranium-235 


(11.4) 
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is small, Therefore, a larger portion of the fission neutrons penetrate the small bar 
of uranium-235 and fly out, without producing new fission. In order to be sure that 
the neutrons are absorbed by the fissionable substance, its mass mst not be less than 
the, so-called, "critical" value: on the order of 1 kg. In a qmantity that is less 
than critical, uranium-235 is safe. Following the rapid approach of two bars of ura- 
nium-235, the mass of each of which is somewhat greater than half of critical, an atom- 
ic explosion occurs. The uncontrolled explosive fission reaction is used in the atom 
ic, bomb. 

An atomic reactor is a system in which a controlled atomic reaction by mderated 
neutrons takes place. The deceleration of the neutrons is accomplished for the follow- 
ing reasons: the probability of catching a slow neutron by the active substance is 
greater than for the fast ones; the reaction of slow neutrons does not develop as un- 
controllably as for fast neutrons and the reactor is easier to control, i.e., a reactor 
operating with slow neutrons is easier to control and is not so explosively dangerous. 

The neutrons released in fission, or in other mclear reactions, move and col- 
lide with the atomic nuclei. 

Three forms of nuclear interaction with neutrons are known: scattering, cap- 
ture, and captuze leading to fission. 

During the collisions which lead to scattering, the magnitude and directions of 
the velocities of the neutron and nucleus change, in accordance with the lars of col- 
lision of elastic balls. Thus, during a direct collision of a neutron with the nucle- 
us of a hydrogen atom (a proton #4), the mass of which is approximately equal to the 
mass of the nsutron, the neutron completely loses its velocity. The proton that was 
stationary before, nov begins to move with a velocity that is equal to the initial 
velocity of the neutron. Therefore the momentum remains constant. During a collision 
with a muclets, the mass of which is many times greater than the mass of the neutron, 
the velocity of the neutron changes cnl; in direction and the magnitude of the valoc- 
ity remains practically constant. “ Alsoctino dpogderation af .the:peutres ogcara. 


On the basis of the lavs of the conservation of energy and of somentum, it is 
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possible to prove that the relative energy loss of the neutron during a collision 


with a nucleus with a mass M is equal to 


4E ‘Ma 
Et ay ane 


vhere mis the mass of the neutron, equal to ore atomic mass units 

The lower the atomic weight of a substance A = x, the better it will slow down 
neutrons. 

During the collisions which lead to capture, the neutron penetrates the 
nucleus, forming a new isotope of the given element which is usually unstable — 
radioactive. For exanple, during the exposure of hydrogen Hy to neutrons, deuteriun 
iy is produced: ae —s . 

Hi! + a= H}. 
sPoring 'b:vpllision Pomelting in fission, the pucleus whicl,.captures. ¢ 
hke'neutron splits into two fragments with the release of two or three new neutrons. 

The interaction of the neutrons with the nuclei is quantitatively characterized 


by the so-called cross section of the nucleus. 


The cross sections, which characterize the probability of a neutron collision 

with an atomic nucleus, are not equal to the geometric cross section of the nucleus. 
1 — = 10724 om, 

(We will recall that the diameter of an atomic nucleus is on the order of 10712 
cm.) 

The crosa sections of scattering O,, capture o,, and fission OF are not 
equal to one snother. All these values are determined experimentally (Table 11.1). 

The cross sections are complex velocity functions of thé neutron welocities or 
“their kinetic energies, which are usually expressed in electton volts, 

Elements used as neutron moderators in atomic reactors have low capture cross 
sections @ ,, (since they absorb less neutrons); and low atomic weight A, since for each 
collision of a neutron with a nucleus, the more significant are its energy losses, 


the less the mass of the target-nucleus differs from the mass of the neutron (see 
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equation 11.5). after a series of collisions with the nuclei of the moderator, the ve- 
iladity tof ithe ifissisnmentrass decreases’ to.a' ithernal\ valuey which: corresponds, to the 
average kinetic energy of the thermal movement of the surrounding molecules. From 
the viewpoint of the amount of the energy losses, hydrogen is an ideal moderator. 
Tadle 11.1 
CROSS SECTIONS FOR ee NEUTRONS 


: Cross section 
‘ : Element A Zz barns 
7 
Hydrogen H i H 3 0,33 0 
Deuterium D 2 1 - 0,0004 0 
Beryl).ium Be 9,01 4 7 0,040 0 
Boron B 10,8 5 4 730 0 
Carbon c 12 8 4,8 | 0,0045 0 
Oxygen re) 16 8 4,2 | 0,0002 0 
Jron Fe 5,85] 26 rT 2,43 6 
Cadotl um C4 112,4 48 7 2400 0 
Uranium 235 us| 938 92 8.2 | 6 | S89 
Uranium 238 U 238 92 8,2 | 2,8 oe . 
Plutonium Pu 239 . _ 1025 664 
ae 


“For fast neutrons Sy, > 0, since uranium-238 fissions under the action of fast neutrons. 


However, it absorbs neutrons with the formation of heavy hydrogen -- deuterium D. The 
capture cross section of nydrogen is not large. Therefore, hydrogen, in conjunction 
with oxygen, is used as a moderator in nuclear reactors. Heavy water 90, beryllium 
Be, and carbon C in the form of graphite are also used as moderators. wxygen, owing 
to its comparatively heavy atonic weight, slows neutrons poorly. However the absorb- 
ticn of neutrons by oxygen is insignificant. Therefore the presence of oxygen in 
connection rith such moderators as hydrogen, deuterium, or beryllium does net disrnpt 
the operation of a reactor. Stationary reactors, the weight and dimensions of which 
are no* iimortant, usually have graphite as a moderator. 

An atomic reactor is represented by an assembly of Lissiohable--substance and en 
noderator, surrounded by a neutron reflector and a shielding layer, and which is 


aquinped with control rods and ducts for the coolant (Ficure 19). 
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There are heterogenous and homogeneous rea::tors, In heterogeneous reactors the 
Picasa substance is prepared in the form of individual blecks -—- the heat liber - 
ating (fuel) elements (Figure 195) are located inside the moderator blocks (graphite, 
hexyllium) or submerged in ordinary or heavy water (Figure 196). Tubes, through which 
the air, water, or liquid metal coolant flows, are laid out through the boiler, Reac- 
tors, the active rods of which are submerged in w-er, are called "submerged" or 
"Swimning pool" reactors. Cooling is accomplished by the circulation of the water. 

In this way, the water serves simultancously as a moderator and 2s a coolant. 
In homogeneous reactors, the atoms of the active substance are uniformly distrib- 


uted between the atoms of the moderator, (graphite for example) (Figure 19). One 


homogeneous reactor is the, so-called, boiling reactor or boiler (“igure 1°7) in which 


a uranium s21t (uranyl nitrate, for example) serves as the active substance, The salt 


7 Legend: 
©) Kavanes a) 238 she11 
7 din -2enun B) A mixture of U238 
\ ' with graphite 
| C) Helium ducts 
aheebaag? D) From the pump 
E) To the heat exchanger 
Fkonnenmop F) Coolant collector 
dna Ne din 
. * exnrdumens ANZ KK« Law -axnadumenn, 
. AK 
Fig. 19h. A schematic of a homogeneous reactor. ‘ 


So that a continuous atomic reaction may be developed in the reactor, the 
average number of neutrons which ply in Bheiteactor, mst remain- constant. ' - 

Each fission reteases »¥ neutrons. A certain portion of them is absorbed by 
the uranium-235 without provoking fission. !Tie so-called, radiative ‘eapture ecours,-ac- 
comenied only by Y-Tadiation. The average number of neutrons which are released 


after the capture of a single neutron is equal to 


. 


‘ Qaeee v 
% Ze i+a . 
where of is the ratio of the radiative capture and fission cross sections. For 


(12.6) 


uranium-235: &= 0.19; Y= 2.1. 


There are heterogenous and homogensous reactors. In heterogeneous reactors thd 
Tissionable substance is prepared in the form of individual blocks — the heat liber - 
ating (fuel) elements (Figure 195) are located inside the moderator blocks (graphite, 
beryllium) or submerged in ordinary or heavy water (Figure 196). Tubes, through whic 
the air, water, or liquid metal coolant flows, are laid out through the boiler, Reac- 
tors, the active rods of which are submerged in water, are called "submerged" or 
"swimming pool" reactors, Cooling is accomplished by the circulation of the water. 
in this way, the water serves similtaneously as a moderztor and as a coolant. 

In homogeneous reactors, the atoms of the active substance are uniformly distrit 
uted between the atoms of the mderator, (graphite for example) (Figure 19). One 


homogeneous reactor is the, so-called, boiling reactor or boiler (¥igure 197) in whict 


a uranium salt (uranyl nitrate, for example) serves as the active substance. The salt 


is dissolved in water and serves as the moderator, 


he TRONS *""* Legend: 
5) Cute UUs \ OO ©) Kamanst A) 0238 sheild 
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Fig. 19h. A schematic of a homogeneous reactor. \ 


So that a continuous atomic reaction may be developed in the reactor, the 
average number of neutrons which ply in Bheifeactor, mst remain- constant . ‘- 


Each fission releases » neutrons. A certain portion of them is absorbed by 


the uranium-235 without provoking fission. lie so-called, radiative ' abtuse ocours;-ac- 
companied only by Y-radiation. The average number of neutrons which are released 


after the capture of a single neutron is equal to 


\ —_ x 


e = v 
Nanas : I+a : 7 (12.6) 


vhere & is the ratio of the radiative capture and fission cross sections. For 


uranium-235: W= 0.19; N« 2.1, 
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Fig. 195. A uranium block, the heat liberating (fuel) element. 


A portion of the fast fission neutrons are eastured by the nuclei of frankie 

238, which is alway contained in a mixture of uranium isotopes and causes their 
‘fission. The relative increase of the number of neutrons resulting from the fission 
of the uraniw2-23u nuclei is called the fast fission (rltinlicetion) canstcnt &. 

For natural uranium, this value somevhat exceeds one. 

A proportion of fission neutrons is being captured by the uranium238 muclei 
“without causing fission, The probability of avoiding resonant capture is designated 
by pe For natural uranium p = 0.9. 

A portion of the fission neutrons is absorbed by the nuclej of the moderator in 
the slowing down process. The probability of avoiding absorbtion in the process of 
slowing down to "thermal" velocity is called the thermal utilization factor f. 

The probability L. of avoiding leaks through the surface of the reactor in- 
creases with an increase of the volume per unit of surface, i.e., with an increase of 


7 Bll pbz0d 


the linear dimensions of the reactor. 


yb yaitg 
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Fig. 196. A schematic of a heterogeneous Fig. 197. A schematic of a boiling water 


“submerged” or "swimming pool" reactor -- a "boiler", 
reactor. Legend: A) dater output 
Legend: A) Active zone. B) Water input 
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The ratio of neutrons which remain in a reactor after leakage and other losses 


to each original fast neutron is called the effective multiple cation factor factor Kets 
1..f 
t ko= PSL 


In order that the reactor develops a continuous ‘fission reaction, the effective 


multiplication factor must be equal to,or greater than, one: 
t 


} ky >. ! 


ee 


The difference kr - 1 is called the r reactivity of of the reactor. A reactor, whose 
reactivity is somewhat greater than zero, is called critical. If one gradually accu- 
mulates blocks of nuclear fuel and moderators in a pile, then the dimensions of this 
pile will become critical. This name pile -- "kucha" (incorrectly translated by the 
word "kotel"#)is used in reactor terminology in American literature. The achievement 


of criticality is made known by the sharp increase of reactor radiation. 


SECTION 2. THE NEUTRON FLUX AND THERMAL POWER OF A REACTOR 

The quantity of heat which is released in a reactor every seccnd is called the 
thermal power. The thermal power of a reactor Ng is usually expressed in kilowatts: 
1 kw = 0.2) Keal/sec = 0.625 + 1016 mev/sec. 


The ‘nernal power per unit of the reactor's weight is called the specific 


Ny=N £ kw/kg,: (11.8) 
J 


power Nud: 


- 


where P is the mass of the reactor, equal to the sum of the mass¢s-of Nha bdtive. zone. 
[core] Pat, the Tosteative shield-P.: 4 (>, and:the’equipment Pop: 
‘ : P EY art Pat Pus. ? , 


The number of fissions which occur in a unit of mass of the active zone per 
second is called the activity, A fissions/sec g. 
the thermal power is proportional to the product of the activity A, the mass of 
the active zone P,.,, and the fission energy E: : — 
Le {Nex aoe ea gym: Aves He (12.9) 
where V is the volume of the active zone in cm; , 


Q@ is the average density of the active substance, i.e., of the mixture of nucle: 
~wboiler 
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fuel with the moderator in g/cm; 
y is the relative density, which is measured by the ratio of the volime of the 


active substance to the volume of the active zone; 


Pert is the mass of the active zone in grams: 


The activity of the reactor A : determined by the number of atoms of fission- 
ing substance in each unit of mass of the active zone, by the fission cross section, 
and by the, so-called,neutron flux Y : 

The number of neutrons which pace through a unit areca (@: cm?) per second ic 
called the neutron flux. The thermal neutrons in a reactor move randomly. Thereforc 
the neutron flux does nc* depend on the orientation of the area. 

In various portions of the active zone the neutron flux is dissimilar- In the 
center of the active zone it is greater than at the periphery. 

We will consider a unit volume of the active zone (Figure 198). The number 
of atoms of the fissioning substance with atomic weight Adel per unit volume, i.oe, 
the atomic concentration, is denoted by N. The mass of t 2‘UvOlVa i cig-cduak tain 
the density of the active substance ( g /om3, The number of atoms in a gram-atom -- 
Avogadro's number -- is denoted by Ng, and is equal to 6 + 10°39, ctta/nFa "the Vt 
ratio of the mass of the fissioning substance to the mass of the active zone is de- 


noted by i. The atomic concentration, apparently, is equal to 


OE) ee 


‘ (11.11) 
The probability of a ‘collision ‘ “resulting from fission » of one neutron with 
any of N atoms of the fissioning substance per unit ‘volume;or Ymddrescuntnt..” 


cross section, is equal to 


7 ONS N P _ 
= Ala, = APS aes ; 
- Da sea te oe (11.22) 


Consequently, the activity A 1s equal to — 


“ »y Naa, Prea ' : 
BY are fe Say tate fissions/sec gran, (12.13) 


After ganseetuting the ite of the activity that is found (11.13) into the 


therma. ower equation (11.9), and using (11.10), we obtain 
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The fission cross section of an atom of uranium-235 Tp, = SHY 10724 om’; Agel 


\ 


(11.24) . 
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Fig. 198. A schematic of the active zone of a heterogeneous reactor. 
RBesaehiotes Ny 6.102? atom/mole. The thermal cpacar of a reactor ds, cebormiped by th 
product, of the neutron flux and the mass of the fissioning substance 


aE I 
N ae 6- 1023. 549. 10-24 
oS 
‘ 3-10!3.235 


Subeequently we will see, that the neutron flux, and consequently, the thermal po 


Prog = 4,6:10-" GP... Jae (11.15) 
fat bf the react: thay be changed from zero to naximum by varying the location of the 
controi rods. 

The heat which is released in a reactor must be taken out by a coolant. The 
higher the thermal power, the greater the heat rédhaval, the higher tha tempera-w - 
ture of the active zone, and the higher the required coolant flow. The limiting tem- 
perature which a recctor is capable of maintaining is determined by the thermal 


properties of tne fissionable substance, the moderator, the coolant, and the materials 
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"rom which it is constructed. 

In heterogeneous reectors, the heat is released only in blocks of nuclear fuel. 

homogeneous reactors the liberation of the heat occurs in the entire mass of the 

active zone /core/. 

The neutron flux in existing power reactors, as described in cpen literature, 
does not exceed 10+” neutrons per second per em? . 

Example 1. Find the power that is release= in 1 kg of pure uranium-235, if the 

2 


neutron flux is Y = 10L4 neutrons per second per cm. 


After substs tuting Pay = 1,000 grens in the forcula (11.15), we obtain 
| Ng = 4,6-10-'MpP ye = 4,6-10-4-1014. 1000 = 4600 laz/kge 


In order to remove such a high specific power, the active block must be cooled 
with an intensive flow of coolant. 

Example 2. Find the average neutron flux at which the specific power, 
‘Bei, thet power per unit of mass a homogeneous reactor, reaches 100 kat/kg,* <-:-2 
if the weight content of the nuclear fuel is ret = 0.02. 


From (12.14). we obtain abpick sh 
ca © 9,625-10'6AyesNyn Paey Pos 04605. 1016. 235. 100. 10+ 
“s esEN, Pres ~ §49-10~24.200-6-102-0,01 


_ = 2,24-101. ‘neutrons/sec.cm@, 


The saute flux that was calculated does not exceed the limits already attain- 


ed in existing power installations. 


SECTION 3. REACTOR RADIATION AND SHIELDING 

_ “he operation of a reactor is accompanied by powerful radiation. During the 
disintegration of a fissionable substance, fission fragments, neutrons, electrons, and 
gamma-quanta are formed. The larger part of the fission fragments is represented by 
radioactive isotopes, which continue to decay spontaneously, releasin> all forms of 
radioactive radiatior: alpha particles, beta particles, and gama quanta, The leal- 
age neutrons which hav2 abandoned the reactor are captured by the nuclei of atoms of 
the surrounding substances forming new radioactive isotones. Gama r&’s and neutrons 


are destructive to a human organism, since under their action the molecules of albumin 


F-TS-97h,0/V 397 


and living biological cells deconpose. 

The roentgen is the unit of gamma~exposure. One roentgen is the quantity of 
radiant energy such that it forms in one cubic centimeter of air so many ions of the 
same sign that their total charge constitutes one electrostatic unit of a quantity of 
electricity. 

Gamma-exposure has a camiative effect. The damages which aceompany the ex- 
posure are accumilated. Experience shows that any irradiation dose is harmful. The 
amount of radiation which a person may receive in his life-time, without ondanzcring 
iis health and the health of his descendants, may not exceed 35 roentgens. A dose 
of 450 roentgens is usually fatal. 

Shielding from Gamma Radiation. Gamma-rays are absorbed by the medium, 
‘herefore, with an increase in the path length of the gamma-quants, the inten- } 
iity of the radiation decreases. The number of particles passing through a wm:t 
surface per second (the surface located normally to the direction of the ray) is called 
she flux, We will denote the ‘gamna-quanta:ftux at the entrance to e-Rivent -# °% 
nedium by Ip; the flux after passing a distance x we will denote by Ix. It is possible 


to show, that for a parallel flux -—- 
~  JlBe-es, {11.16) 
where x iu the distance in cm; “ 


B is the accumulation factor, measured experimentally; B= 1; 


pris the attenuation factor (Table 11.2). 


Table i1.2 
‘HE TOTAL ATTENUATION FACTOR FOR GAMMA RAYS WITH ENERGIES OF 2 mev per em~1 


° g/ew 
0,065-10~8 0 00122 Iron 0,35 7,8 
Water 0,047 1,00 lead 0,583 i1,3 
/* (Concrete 0,09 ~2 Uran.um | 0,9 19 
: AQumninun 0,12 2,7 
’ 


The flow at x distance from a point source which radiates N quanta per second 


n all directions is, apparently equal to 
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—_N_ - £1, e 
A= Lx Tmanta/sec ent (22.27) 


Considering absorption in the atmos, here, we obtain 


l \ : 


(4 Ga ets : (11.18) 

The local radiation intensity can po measured by means of an ionization cham 
ber. The chamber contains two plates to ‘ich a potential difference is applied, 
insufficient to cause a discharge. Under the effect of gamma-radiation, the gas 
between the plates is ionized and ionization evrrent arises in the circuit. The 
curreat strenguh will be greater the larger the flow of ionizing particles. The 
irradiation dose 1s proportional to the quantity of electricity flowing in the cir- 
cuit. The current is measured by means of a meter included in the circuit. 4 serial 
dosimeter, which is manufactured by our industry, is shorm in Figure 199. The stale 
of the meter is often calibrated in roentgens. 

We will calculate how great will be the radiation of a reactor whose thermal 
power is equal to the power of a modern jet bomber. 


2a ee 


\ 


ee 2 
Fig. 199. A general view of a dosimeter. 


Each nuclear fission is accompanied by radiation of nearly 5 gamma-quanta with 
energies on the average of 2 mev. The permissable radiation intensity in radiometric 
laboratories consists of 800 gamma~quanta per cme per second. We will recall that 
the power in one kilowatt is equivalent to 3 ° 1013 fissions per second. The thermal 
power of an eight engine heavy jet bomber with a total thrust of R © 36,000 kg and a 


specific fuel consumption C, = 0.9 kg per hour per kg is equal to 
Nor H,0,=H, Se 10800-38000.0,9 
3.600 3600 
= 94500 kcal /see = 400000 lar, 
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In a reactor with « similar thermal power 3 ¢ 1013 - 0.4 108 = 1.2 + 1019 
fissions per second will occur, during which N = 5 «1,2 > 1019 = 4 +» 3019 Earn apents 
will be generated. - Noting that the reactor is represented ty a sphere with a radius 


of 50 cm, we find that the flow of gamma-quanta at the edge of the reac‘or is 


N_ 8.1010 
OS 4-3,14-503 2-10" cammi-quanta/see cm. 


After substituting the attenuation factor from Table 11.2 in the equation 
(11.18) and noting that B = 1, it is possible to find the distance at which the flow 
of gamma radiation will be reduced to a permissible value I, = 800 gamma-quanta per 
second per em’. For air pe 0.065 « 1073; x = 1.6 kn. For lead \ a 0.53 and x = 
5h cm. 

The foregoing calculation shows how great the radiation of a reactor is, and 
how great the weight and the thickness of the shielding layer must be. 

It is seen from equation (11.16) that if the attenuation ratio of the flow 
re is known, then the product of px also must be known: 

, prin 

It follows that the thickness of the face of the shielding layer is inversely 

sPaportional to the total attenuation factor: 


in 22 


I, 
, L£= ‘ 
amar (12.19) 


The weight of the shielding layer is | 


P,=SH=- sin, = (11.20) 
» I 

where S is the surface of the face of the shielding layer. 

The ratio of the density to the attenuation factor is approximately one and the , 
sane for the majority of substances: 

a é be 20,' 

Therefore, the faces of the shielding screens, which are made from various 
materials, weigh approximately the same but have different thicknesses. 

If the reactor is air-cooled, then the cooling air which is irradiated by 


neutrons, becomes radioactive because of the transformation of the nitrogen Ny into 
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a radioactive isotore of carbon oe with a half-life period of 5,700 years. The con- 
tamination of the atmosphere by radioactive carbon makes the use of air-cooled reac- 
tors with a open air-cooling cycle objectionable. 

To insure the safety of the service personnel, operating reactors are equipped 
with monitoring instruments. The reactors are always operated automatically by re- 
mote-control instruments. During the assembly of a reactor, manipulators and other 
remote-control mechanisms are used. Supervision during assembly is conducted with 


the aid of periscopic instrw.ents or television units. 


SECTION , THE ASSEMBLY, STARTING, AND CONTROL OF A REACTOR 

The assembly of heterogeneous reactors may be accomplished by the following 
method: the unit is assembled with the use of corresponding construction materials, 
cooling systems, moderators, and protective shields in the absence of a fissionable 
material for which special ducts are left. Later, in the finished reactor, a certain 
amount of active rods is inserted so that the mass of the fissionable substance be- 
comes critical and a continuous fission chain reaction develops in the reactor, The 
approach to criticality is made known by ranidly increasing radiation. Observations 
of the radiation are carried out with the aid of instruments which are built into thc 
reactor core. This is how the assembly of the Soviet first atomic power station in 
the world was accomplished.+ 

The assembly of a heterogeneous reactor may also be carried out in the presence: 
of the active substance consisting, for exemple, of blocks of uranium and moderators 
This is how the first Chicago reactor was constructed. 

To prevent an explosion which may occur during a chance increase of the critic. 
dimensions, safety rods, which are constructed of materials which absorb neutrons, 
are used. These rods are automatically inserted ee the active zone [core7 when th 


neutron flux passes the permissible limit. Safety and control rods are constructed 


IReactor Construction and Reactor Theory. Reports of the Sovict Delegation at 
the Conference for the Peaceful Use of Atomic Energy, Geneva, 1955, Printing House o 
the Academy of Sciences, USSR, 1955. 


F-TS-97]0AN’ 401 


of materials with large capture cross sections: from cadium, boron, or from their 
compounds (see Table 11.1). 

The valve of the neutron flux, and consequently, even the power of the reactor 
depend on the immersion depth of the rods. With an increase of immersion, the ab- 
sorption of the neutrons increases, the reactivity decreases and together with it, 
the neutron flux ‘liminishes. At a sufficient immersion, the multiplication factor 
becomes less tha: one and the reaction dies ont. 

A foreign neutron source, for example, an ampule which contains a mixture of 
metallic beryllium with some sort of natural radioactive alpha emitter -- radium or 
polonium -- is sometimes inserted to set a reactor into operation. The collisions of 
the alpha particles with the nuclei of beryllium is accompanied by neutron radia: : 
tion: ee 


Bel-tet> Ci + nf 


The neutrons from the beryllium-polonium source or stray neutrons bring about 
the fission of the nuclei of uranium-235. So that the reaction might increase, 
the safety rods are puiled out and the control rods inserted, and the multiplication 
factor does not become greater than one. The neutron flux in the reactor increases, 
the liberation of heat increases, and the temperature of the active zone grows. The 
length of the diffusion of the neutrons and the distance in which the fast neutrons 
are slowed down to a "thermal" velocity increases, the density of the active sub- 
stance diminishes, the leakage of the neutrons grows, and the reactivity decreases. 
In this way, the process of the increasing power is, to a certain degree, self-regu- 
lating. The control rods move in more for greater neutron flux and consequently, 
gc-ecter thermal power. The reactivity of the reactor falls to zero. 

The thermal power of a reactor is determined by the location of the control rods. 

The level to which it ic possible to raise the thermal power is determined by 
the cooling system and the heat-resistant quality of the reactor. 

The movements of the control and safety rods is accomplished by motors, 


which are connected with probes thet are sensitive to the neutron flux in the reactor. 
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The dependence of the neutron flux and the thermal power upon the immersion 
depth of the control rods is shown in Figure 200. The S-shaped form of the curve 
shows that the neutron flux at the reactor's periphery is low, so that the insertion 
of the rods only decreases insignificantly the overall number of neutrons in the re- 
actor. The insertion of the rods into the central area of the active zone, where the 
neutron flux is great, has a much greater effect on the overall neutron balance and 
produces a greater change of the thermal power. 

The operation of a reactor is completely controllable. 

As the fissionable substance "burns out" andl the fissior framaicnts acewwlate 
the reactivity of the reactor diminishes and the control rods mst be pulled out. 

The consumption of the nuclear fuel is not difficult to calculate in relation to 
the thermal power of the reactor No kw: 

B= 0.24 at kg per sec = 864 - kg per hour, 
where H is the amount of energy that is liberated during the fission of 1 kg of 


uranium-235, in keal/kg: H = 1.9 - 101 kcal/kg. 
= wom ee: ees 900 


x Legend: 
& 

3 A) Power 
g B) Power in kw 

60 = C) Temperature 
e D) Temperature of the 

40 ¥ Solution in °C 
i 5) Extracted 

0 ) »J 29 d) F) Inserter 
/ ;  £) Busbeden £) Bbeden G) Location of a control rod 


oe © Manoncenue yrpabnanu*eo CmepacHA 


Fig. 200. The dependence uf the neutron flux in a reactor and the thermal power 
of a reactor on the immersion depth of the control rods. 


The consumption of the nuclear fuel in a heavy atomic aircraft with eicht turvo- 


jet engines with thermal power of Nq « 1,00,000 kn, 
7 = 864 a =“ 0.018 kg per hour = 18 g per hr = 5 mg per sec. 
19-1 


For a O0-hour around-the-world flight with a speed of 1,000 kin/hr altogether 72 


grams of a nuclear fuel will be required. 
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SECTION 5. THE COOLING OF A REACTOR AND THE PREHEATING OF THE AIR 

The air which flows through a heat exchanger of a reactor for a ramjet engine 
must be preheated to an optimum temperature T03° After determining this temperature 
and giving the required thrust, we will find the air flow G, through the heat exchanger 
of a reactor. 

After setting the permissible value of the relative velocity of the heated air 
at the heat exchanger outlet A 3, we will determine the required cross section of the 
heat exchanger from (2.7h): vs 


a a 
The cross section that is found comprises a certain portion of the middle 


section of the engine Sy: aa 
Saa>l. (11.22) 

The gecmetry of the heat exchanger must be calculated so that the air flowing 
through it will be heated to the required temperature T093° 

The calculation of the heat exchanger for the heating of the air is carried out 
by a common method. 

The air temperatures at the heat exchanger inlet and at its outlet are denoted 
by Tog and Tg3. The temperature of the heat-transfer agent at the heat exchanger 


inlet and at its outlet we denote by To' and T3! (Figure 201). 


tv bc 7S aor peony aa 
A) Sure? C)Tensonocumene = Le g end: 
: 5 ’ A) Outlet 
Z 3s B) Inlet 
| 0) Sesdyz af ’; C) Heat~transfer agent 


D) Air 


Fig. 201. A diagram of a heat exchanger. 
The quantity of heat, which is received by the air in the heat exchanger, is 


equal to the thermal power Na: _ 
Noa, Sra, 47, (11.23) 
where qd is the heat transfer coefficiert; 


Step) is the transfer surface between the air and the heat exchanger}; 
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AT is the average temperature difference. 
It is know from the theory of heat exchanger installations that the average 


temperature difference, in the case of a constant heat transfer coefficient through 


the heat exchanger of, = const, is equal to. 


(73 —Tm) — (Ty — Tea) 
™3—To 
5 ES 7 
ene rent AN. o 
The temperature of a reactor with direct air heating will be calculated in the 


AT = 


(11.2h) 


first approximation by assuming the entirc active zone at constant temperature: 


To = T3 = Tpe In this case 


aT = Ton, 
Ty—To 
T,—Teos 


” (11.25) 


i 


The heat transfer coefficient atepl is dependent upon Nusselt's number which 


is determined by the Reynolds' and Prandtl's numbers, and also »by the heat conducti- 


vity A: 
as a ® ; 
| Nu==/(Re, Pr), (12.27) 
, : ae ‘ 


For gases Pr = 0.72. 


d is the size of the heat exchanger that was determined; 


and A, are the specific heat and the heat conductivity of the air, Y is its 


4 


“p 
kinematic viscosity; 
n is the dynamic viscosity; 


w is the velocity of the gas flow. 


The temperature of the air which flows through a heat exchanger increases, the 
velocity of the flow increases and together with them the parameters of the air Xd; 
yoy and also the Re and Nu numbers and the heat transfer coefficient vary. ke 


express the heat transfer coefficient as a function of the temperature in a clear form. 


When 52 = 53 
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Yat0s= ¥ 2s. 
The product of Yw is ‘a constant value for a tube having a constant cross sec- 
tion. Consequently, the Reynolds’ number during the flow through the heat exchanger 


varies in inverse proportion to the dynamic viscosity } : 


Rew 9 Ff ‘< 
aera (22.29) 


The Nu nunber is determined by the Re and Pr numbers » and also by the shape of 
the heat exchanger. For cylindrical tutes os 
Nu=0,023 Re Pro, (11.30) 
The heat transfer coefficient from the valls to the air A, is 
= 
Nuk £9°8,0,8/10,8) 0,4, 0,4 0,8}0,6..0,4 
== (0,023 i (ary) V6 
ae PANG o8. = 0,023 epiga° (11.32) 


en are ee ees 


The asin n y the heat capacity es the heat sonductivaty A” increase 
with an increase of temperature. The expression col a slowly increases with the 
increase of temperature. In the first eceeadee ie heat transfer coefficient 
may be considered as constant throughout the entire heat exchanger. The heat trans- 
fer coefficient decreases insignificantly with an increase of the diameter of the tubes 

The thermal power, which is taken from the heat exchanger for a constant heat 
transfer coefficient oo, = const, is directly proportional to its surface. If the 
thermal power is given, then depending upon the diameter of the tubes, it is possible 
to find the surface of the heat exchanger Stepl° 

The overall cross section of a tube of a heat exchanger S» is determined by the 
sir flow required G, and the permissible flow velocity in the tubes wo. The pressure 
of the heated air poo is detsrmined by the velocity and flight altitude, and by the 


pressure recovery of the diffuser Oy. The number of tubes n is inversely propor- 


tional to the square of their diameter d: 


re ol 
n=(2e 
After @qeakiag|the thermal power which is taken up by the air that is heated 
in a heat exchanger : ° | 


No=€,tst2Ss (Tos — Tas (12.32) 
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to the thermal power which is transnitted through the walls of the heat exchanger 


ss (11.33) 
No 2 Srens4T7, 
and considering that 
Stens ao 4ndin = 4 
So xd2n a’ 
we obtain ‘ £ Cylo®> 73-703 
d 4a, ar * (11.3h) 


After using (11.28, 11.29, and 11.26) and after simple conversions, we obtain 
an equation which connects the relative length of the heat exchanger ducts with the 
temperature difference To3--To2 and the temperature drop AT by the Re, Pr, and Nu 


numbers: 


Cae Re Pr Tq3 — Too 
q@. 4m ar (11.35) 


SECTION 6. REACTORS COOLED BY MOLTEN METAL 

To decrease the dimensions of a reactor and to avoid the contarination of 1 e 
air coolant by radioactive isotopes, reactors are constructed with liquid coolants. 
The heat liberated in the reactor is absorbed by the liquid heat-transfer agent, and 
carried to a heat exchanger where it is transferred to the heated air. It is clear 
that the temperature of the oeat-transfer agent at the reactor outlet must be greater 
than the air temperature ahead cf the nozzle exit. Therefore, water, the critical 
temperature of which is 650° K, is not suitable as a heat-transfer agent. More suit- 
able heat-transfer agents for atomic ramjet engines are molten metals, the melting 
points of which are less than the temperature at the heat exchanger outlet T3'. The 
vapor pressure at the temperature of To', which the heat-transfer agent has at the 
reactor outlet, cannot be too great, i.e., cannot exceed the stagnation pressure in 
the combustion chamber poo by far. 

As possible heat-transfer agents for reactors, the Institutes of the Academy 
of Sciences of the USSR investigated molten tin, lead, bismuth, sodium, and diss, 
alloys: codium and potassium, lead and bismuth. 


By the works of the academician M. A. Mikheyev with his associates, and also by 
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series of foreign scientists, it was proven that the heat transfer coefficient for 
metal which flowed along a cylindrical tube, is determined by Nusselt's (Nu) and 


clet's (Pe) numbers: 


Pe=Re Pr = 2m . 


sa (12.36) 
To determine the Nu number, Lyon, Dwyer and others suggested the following 
rimia: 


a 


Nu=3,2+0,021 Pe*. (11.37) 


In the ‘@nvest** bed Gaae exchangers Bas 100--10,000, Nu = 10--30; 
= 0.01--0.10k cal per meter per second per degree. Because of the high heat con- 
ctivity of metal, the heat transfer coefficient was much higher than that for gas 
oling: ay ® Mur = ]--300 kcal per square meter per second per degree, hundreds of 
mes greater than for heat transference to the air. 

For the computation of a heat exchanger between the active zone [core] of a re- 
tor and the heat-transfer agent, one considers the heat conductivity of the material 
om which the heat transfer agent tubes are prepared and the heat conductivity of the 
tive material. 

We will introduce thovoontept: of thermal resistance Re. after: 'detebuind !i<t wi. .- 

g it srom the following equation: 


ra - lame 
WF — OypasSreshT, | (11.38) 
wre GQ is the heat flow; , ca 
AT is the average temperature drop. 
om here ae ee roe 


Raw — lL. 


(11.39) 
‘re Atep) is the heat transfer coefficient, 
Step] is the heat exchanger surface. 
The heat transfer from the active zone [core7 of the reactor to the molten metal 


be written as (Figure 202): 


aa | ete ae nee ae 
Rm Rit Rot Re a | leSe t eda’ (11.0) 


‘4 
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where § is the thickness of the tube wail; 

B Ay is its heat conductivity; 

a; and a, are the heat transfer coefficients from the active zone [core/ to the tube 
wall and from the tube wall to the molten metal. 

For air cooling, the temperature resistance is many times greater during heat 
transfer from the tube wall to the air than during heat transfer from the active 
material to the tube wall, or during heat transfer through the substance of the tube 
or of the active zone /core7. Therefore it is possible to disregard thcse last re- 
sistances, after considering only the first. 

During the elimination of the heat from a reactor with a heavy active zone, the 
primary heat resistance is concentrated on the mutual surface with the tube inside 
the active zone. The heat resistance for the transfer from the tube walls to the 
molten metal is insignificant. The overall heat resistance during cooling by a molten 
metal, and the surface of the heat exchanger is 7 - 1s of times lt<s'tfan fbr adpli-- 
‘opoding;%¢.e reactor. ‘ 


A heat exchanger for heating the flowing air is computed as stated in the fore- 


going paragraph. -" 
A) wunauaa boda 


Legend 


A) Boiling water 
B) Liquid sodium 
C) Metal 


Fig. 2U2. The calculation of the heat transfer through the wall of a heat-exchanger. 


Example. A reactor with a thermal power of Ng = 100,000 kw is cooled by special 
alloy. The temperature of the active zone is Tp * 2,000° K. The temperature of the 
heat-transfer agent rt the reactor inlet is Tg = 000°, at its outlet T', = 1, 800% . 
The parameters of the alloy are Y= 700 kg/m3, A= 6.00% kcal/.. sec degree, c = 


0.25 kcal/kz degree. The coolant speed is w= 10 m/sec. The diameter of the tubes 
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is d= 25 m. 


— 


The heat-transfer agent consumption is 


ma 0, 24-400 000 
Gy = Bd at A sto 
€(%—Ty 0,25 (1600 — 800) = 384 ke/sec, 


ae 


ai es eres i 
The cross section of the nest transtes agent tubes is 


, oe — Sil ee 


: . 7 (oe a 0,055 at = $50 on2, 
The number of tubes is 


Be Oe 12 
Se 

xf? 3.14.95 
Peclet's number is 


Nusselt's number is 
| Mem 82-¢epatret 32 + 090 740°? = 7,3, 


The heat transfer coefficient from the wall to the | saute metal is 


Nud 7,3-0, 006 
, =~ N05 Th 17 eer ece nt? seErees 


The mean logari thnte temperature drop is 
AST. ‘h=7, , 1 = 


2 169 — 800 

AT = -—_——- = 640", 
nen = 80 
_-h reali 


We will assume that the tubes are made of heat-resistant steel for which 


Ae = 0.01 kcal/m sec degree, the thickness of the walls is § = 2.5 mm. We may dis- 


regard the heat resistance of the active zone. 


We find wae surface of the heat exchanger from the equation 


No = crenSAT; - 
(LB ar tt Sto Sb 
*reaStenn = Ng CuSu AS, @yhS Sy 
No { 1 87) 96000 / 1 0,005) 
Sreaa ™= —- | —— 4+ —) = -— 4+ —— } = 123 m7, 
aT ( e, 7 640 a + 001 
where 3 
Su $,= Stens 
. nf : 
The overall perimeter of the tubes is 
eee ' F Peed = 3,14-0,025-112 = 8,8 m, 
the total “Jength of the tubes is : 
1233 
laa —-_ —"" 
sg Paget m 
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The volume of the heat-transfer agent in the reactor is 
V = ds ox 14-0,055 = 0,77 mf, 

) its weight is 
Preas ™ Vy = 0, 77-700 = 540 kg. 

aaa Set See ¢ . eens es 

To transfer the heat to the air requires a special heat exchanger, which is 

computed as was stated above in Section 5. If the reactor is equipped with a shield, 
then a system with an intervening heat-transfer agent permits a considerable decrease 


of the reactor's dimensions and a lower weight of the shielding. 


ShieldeJ reactors may be installed only in very heavy aircraft. 


SECTION 7. ELECTROMAGNETIC PUrPS FOR MOLTEN Morals 

Electromagnetic Faraday pumps, which are based on the power interaction of an 
electric current with a magnetic field, are often used to transfer molten netals. A 
diagram of an electromagnetic pump is shown in Figure 203. A portion of the tube, 
through which the molten metal flows, is flattened and placed between the fields of 
a strong electromagnet. A strong electric current from a step-down transformer is 
carried to the molten metal with the aid of two thick copper bars. From the side 
of the magnetic field to the bars with the current a force acts, which is directed , 

SeiFhethotlert “2 mie, ctio way the hr > points when the {' \>plf-thé daftihand is 
turned to meet the magnetic lines of force and the four extended fingers show the 
direction of the current in the'concadtor, In. gare 203"thts force is direct. 4. ~ 
towards us, 

The magnitude of the force F in dynes is eoual to one tenth of the product of 
the force of the current I in amperes and the induction B of the magnetic field in 
gausses and the len th 2 of the ber between the poles of the zagnet in centineters: 

* pe0liBldyness (12.641) 
After dividing this force by the cross section S of the tube, we find the pres- 


sure that is created by the pump: 


Pr Bt __ 18 


Here the quotient b = S represents the inter-polar interval, After expressing 
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the current in kiloamperes and the induction in kilogauss, we obtain 


1B IB 
az — g2/cu* ~ —— atm : 
[ ‘9.8 ; es (11.43) 


The magnetic induction B during the use of good magnetic alloys may reach 10 kilo- 
gauss and higher. Let the inter-polar interval b = 1 mm. Then in order to create 
&@ pressure on the order of 10 atm, it is necessary to have a current with a force 


of I = ose 1:10 = 1 kiloampere = 1,000 amps. 
10 


n 


Legend: 


a) Magnet yoke 

b) Magnet coil 

c) Conductor 

ad) Tube for molten metal 


Fig. 203. The diagram of an eiectromagnetic pump bo aeenater liquid metals. 
During the movement of the molten metal between the magnet poles, an electro- 
motive force with the induction E appears in it as it does in any conductor: 
: E= 10-*Biajvolt. (11.41) 
where wis the speed of the metal in cm/sec; 
B is the induction of the magnetic poles in gauss; 
1 is the length in cn. 
If B = 10 kilogauss; L = 10 cm; w = 10 m/sec, then E = 10-8 - 104 x 10 - 103 & 
1 volt. 
The voltage on the busbars must be greater than the electromotive force of 


induction, which appears in the moving wire: 
f 
R is the ohmic resistance of the molten metal between the bars: 


~ t - 
‘ ’ R=P—s 
f is the specific resistance in ohms/centimeters; 


g is the cross section in the direction of the normal to the electric current. If 
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the width of the interpolar interval is equal to a, then 
8 = ba 
The power, which is spent on transferring the metal and in overcoming its ohmic 


resistance, will be equal to 


Example. The specific resistance of a heat-transfer agent is p = 13° 10-6 
ohms (molten sodium); a = 10 cm; b « 0.1 cm; and 1 = 10 cm. 


10 
oft. —4 ——-_ we . 
R = 12-10 10-0,1 1,3-10-« ohm, 


U= E+ IR=1 + 1000-1,3-104=1,13 v3 
N = UJ = 1,13-3000 = 1139 Vattc = 1,13 lor, 


SECTION 8. THE GAS DYNAMIC CALCULATION OF A NUCLEAR SUPERSONIC RAKJET ENGINE 

The gas dynamic calculation of a nuclear supersonic ramjet engine is identical 
with the calculation of an engine that operates on a molecular fuel. In the first 
case, the cross section of a heat exchanger is not equal to the mid-cross-section 
of the engine, and the mass of the exhaust gases is equal to the mass air flow: 


S,<S,; PB =1+ 2=1. 


tea % 


T 
The required heating of the air in a heat exchanger 6 = 1 is determined 


either by the given thrust coefficient, or by the conditions of maximum economy: 
8 = 6 oot (see Chapter X, Section 5). 

The minimum allowable thrust coefficient is determined by the aerodynamic com- 
putation for the entire aircraft as a whole. 

For an established horizontal flight, the thrust coefficient is equal to the 


drag coefficient, which is computed relative to the area of the engine's mid-section 


—— 


7 CR porp = Cs- (11.47) 


By knowing the required thrust coefficient, and after setting up the probable 
value of the gas dynamic coefficient of the engine K,from the formula of the thrust 
coefficient for a flight at the design condition, the required temperature ratio of 


the air in a heat exchanger 0 is found (see formula 10.35) 
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"Fae BOO ES (1 oe. (11.18) 


+00 
In the last formula it is assumed that Rp © R. 


The optimum temperature ratio, at which the total efficiency of an engine reaches 


its highest value, ia siuah ta (S06 Chapter IX, Sectjon25) «° -7 
: tv inwe (12.49) 


a 


te aR 
The required thrust R is determined by the flight weight and the aerodynamic 


quality (lift-drag ratio) of the aircraft k, 


Poors 
ley i (11.50) 


The total efficiency of a ramjet engine N is: 


* 


_ok—l xX VO—! 
i ok ey (11.51) 


The required thermal power be is: 


é 


BEC. (11.52) 
The air flow G,, that is required for the transfer of the required thermal 


Ng=A 


power Nq is, ; ; 


No 
€9(Tos— To) at a p mersees (11.53) 


ce 
We will set up an acceptable faing for the relative velocity at the heat ex- 
changer outlet, noting that it may not exceed one: A 3< 1. We wild find the cross 
section of the heat exchanger S3- 


We will determine the required cross-section area ratio of the exhaust nozzle 


from (5.20): 
a o2 yet 
Sy dicri} 
Sup qs) (12.54) 


(See graph in Figure 170). 
The velocity at the heat exchanger inlet is determined from the flow equation: 
= 5 OO 
| A) Vi pe q (Ay). (11.55) 
The stagnation pressure of the free stream air po, = FO The stagnation 
! n) 


pressure ahead of the heat exchanger inlet po depends upon the pressure coeffictent 


of the diffuser Oy! 


F-TS-97L0/NV buy 


Pam 00 (22.56) 


The required cross section for the passage of the air through the heat exchanger 


So, is found from (2.7h) 
“S S= fe [HE By - Ge . (11.57) 
bet 2) - 


SECTION 9. AN APPROXIMATE DETERMINATION OF THE CRITICAL DIMENSIONS OF A REACTOR 


ry 


A reactor with cross sections and a thermal power of the required valuc must 
have a positive reactivity; its dimensions must. be greater than critical. Below is 
found a simplified calculation of a reactor which operat<s on therial neutrons with- 
out a reflector. 

The critical dimensions of the reactor depend on the nature of the nuclear fuel 
and on the moderator, on the concentration of vranium-238, on the ratio of the masses 
of the fissionable substance and the moderator, on the volume (void) fraction of the 
active zone, on the nature of the heat-~transfer agent, and on the consvruction of the 
reactor. 

An approximate calculation for a homogeneous reactor which operates on thermal 
neutrons, is to be found below. 

The ratio of the volume of the fissioning material and the mcderator to the 


totel volume of the active zone or the volume (void) fraction Y is equal to 


\ V ant 


aaa EET Tae (11.58) 

where V,i.+ is the volume of the active material; 

Vokhi 18 the volume of the cooling ducts anc the construction materials. 

The greater the volume that is occupied by tie cooling ducts, the lesser the 
volume (void) fraction. 

The shape of the reactor is determined by its usage. Cylindrical or spherical 
reactors are more suitable to be installed on aircraft. In order that the reactor 
way develop a continuous nuclear reaction, the effective multiplication factor of the 


“eactor, which was discussed in Section 1 of this chapter, must be not less than one: 


hg = epfnl >}. (11.59) 
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The multiplication factor for fast neutrons € and the probability of avoiding 
absorption into uranium-238 p depends on the presence of uranium-238. For natural 
uranium € 21.03; p = 0.9; for a pure fission substance &= 1 andp «1. 

The thermal use factor f is equal to the ratio of the number of neutrons which 
are absorbed in the fissioning substance to the overull number of the neutrons which 
are absorbed by the fissioning substance and aiso by the moderator. 

The atomic concentration of the fissioning substance,’ the. nuchérrof’ st s5 <: 
“atone: in' DB,’ Ys "dendted by Naor: 

Nya = 


Nf, (11.60) 


an Ps 11.61 
N, a Na rae ( ) 


where P is the density of the active substance, which is composed of a mixture of 
a moderator and the nuclear fuel. 


The overall weight of the active zone /core/ of the reactor is 
Po.= sa t P,, 


——y ee 
< 


where Pael and P3 are the weights of the uranium and the moderator. 
The macroscopic capture cross sections of the neutrons in the fissioning sub- 


staice and in the moderator will be equal to 


——— 
-—- 


Dace = N aes nen? D=— Ny,” (11.62) 
The coefficient of thermal use is, consequently, equal to 
| Sa 
as > has re oa 
Yes Ngee nea _ (11.63) 


The number of fission neutrons per one captured neutron for uranium-235 7 = 2.1. 
In reactor theory it is proven that the probability of avoiding leakage for fast 


neutrons in the slowing down process Lr is equal to 


t Lye. ; (11.6k) 


b 


The probability for avoiding leakage for slow neutrons, before they will be 


absorbed by the fissioning substance L, is equal to 
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i 


é 


Here L is the diffusion length, which depends on the nature of the moderator, on the 


coefficient of thermal use f, and on the volume (void) fraction V2 (see Table 11.3) 


Lee LEAF 


e (11.66) 
U is the square of the moderator length, which is dependent on the nature of the 


moderator and on the relative density fe Otn? 


. emt, 


v (11.67) 
where Uy is the square of the slowing-down length vhen VY = 1 (Table 11.3) 
K is the geometric parameter of the shape factor, which is dependent on the 


shape of the reactor. 


For a sphere with a radius of R cm 


, 
K=-: 
For a cylinder with a radius of R and a length of H 
2,405 \8 x \2 
K (= (=): 11.68 
=() +(4 | (11.68) 
The probability of avoiding leakage in the slowing dow process and in diffu- 
sion is 
1 
F é be Ly aR " : (11.69) 


The parameters Lo and To are determined experimentally (Table 11.3). 


Table 11.3 


THE LENGTH OF DIFFUSION AND THE SQUARE OF THE MODERATOR LENGTH 
OF CERTAIN MODERATORS 


‘ Substance |rorma| A | Loc | to cm? 
% [ee oes ie ebay ae oh og 
Ordinary water H,O 18 2,88 33 
y Heavy water D,0 20 171 120 
Graphite c 12 50 300 
- Berylifum | Be 9,013 24 98 


The weight of the reactor's active zone [core] is a function of its volume, 
density, and volume (void) fractjon: 


Pr & VP Veur- (11.70) 


‘ 


SECTION 10. A DESIGN EXAMPLE FOR AN AIR-COOLED REACTOR 
We will detsrmine the critical dimensions of a reactor which operates on pure 
wranium-235, with metallic beryllium as a moderator, and with air cooling. 


We will assume the relative quantity of fissicning substance: ue = 0.01; 
Be 
the volume (void) fraction 7 = 0.5 (a half of the volume of the active zone is oc- 


cupied by air ducts), and we will assume that the reactor has the shape of a cylinder, 
the height of which is equal to the diameter: H = 2R = D. 

We will determine at what diameter the reactor becomes critical, and we will 
find its weight and what thermal power it is possible to take from it. 

The ratio of the number of the atoms of the moderator to the number of atoms 


of the active substance is, from (11.60) and (11.61): 


Nae 2 Pare Ay 7 235 - 
Ny Py Ape  0,01-9,013 


fhe “coefficient of ‘the’-thermal use of the neutrons /see Tabi 11.1"and: the 
formile-(11.63)7 is 


2610. 


The diffusion length and the square of the slowing-down length in beryllium 


when the volume fraction is y = 0.5 from (11.66) and (11.67) 
1—/ 1—0,96 
Qe 2 ge EO 
19 om 13 20 SS = a2emy 


7? 
ek. Sa. re 2, 
x 7? 0,5 392 cm 


The effective multiplication factor ker is cetermined from the equations (11.59) 
and (11.69) when € = 1 and p=1 
Soe a! 
% (1 K2L2) K's" 
By considering that the number of neutrons which are liberated during the cap- 
ture of a single neutron by uranium-235, h = 2.1 and that for a critical reactor 
ker > 1, we obtain an equation from which it is possible to find the reactor shape 


a 


factor K: 
(1 92K) OX" os 2,1-0,96 


After solving it by means of matching of, by a graphic method, we find 
K? = 0,0015 
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The radius of the cylinder is found from the equation 


| ee) + Ge) ie 


/ 8,25 8,25 
_ = K of ee =0 cat = 0,74 Me 


In order to obtain the positive Teactivity, we express 


7 Dm Hm 2R = 160eu > 2-74 cme 
Le ent east 


bepenbemeene aelitdieteten 


The total cross seston of the active zone Sart = Re «2m, 

The flow cross section is So = (l-wy ) Sat *1 m, 

The weight of the active zone of th2 reactor is Paer™= CSscrMp =0,5-2-1,6-1,82 = 291 7. 

The amount of fis-ioning substance is Pye, = 0.01 Pare = 29.) kg = 29,100 grerc. 

The thermal power of the reactor Ng is determined by the average neutron flux 
in the active zone [core/ Ys determined by the position of the control rods. 

The average neutron flux which is necessary to obtain the thermal power Ng = 


400,000 kw, is found from (11.15) 


: 10%Nog 1014. 400 000 


- = a2 3,1-101¢ . 
thE, 4610 3,1-10 neutrons/sec.cn”, 


An aircraft reactor, which is described by Hawthorne, possess very similar para- 
meters. 
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CHAPTER XII 
THE DEVELOPMENT PERSPECTIVES OF RAMJET ENGINES 
SECTION 1. SPEEDS AND ALTITUDES 

The subsequent development of ramjet engines will, apparently, proceed along 
the lines of perfecting the individual elements of the engines, i.e., diffusers, com- 
bustion chambers, and nozzles, just as along the lines of mastering higher flight 
speeds, greater altitudes, and new forms of energy. 

At flight speeds from M, = 0.8 to M, = 2.5 ramjet engines are suitable only for 
one-time flying vehicles, i.e., on target drones and winged nissiles, and also on Sci.c 
types of helicopters since within this velocity range ramjet engines yield to turbs- 
jet engines both in thrust and in economy. 

In the interval from M, = 2.5 to M, = 3.0 the competition between turbo-compres- 
sor and ramjet engines occurs with varying success. Up to the present time there isno 
data in open literature about three-Hach turbo-jet engines. In order for turbo-jet en. 
eines to compete with ramjet engine at M7 3 it is first necessary to solve the prob- 
lem of lubricating the turbo-jet engine at such high stagnation temperatures, Calcula 
tions show that when M, ~.0 the optimum degree of compression in a turbo-jet com- 
pressor approaches one. This means, that with a sufficient increase of flight specd, 
a turbo-jet engine is transformed into a ramjet. The region of speeds like M > 3 and 


altitudes of more than 25 km belong to ramjet engines and rockets. 


SECTION 2. DEVELOPMENT PERSPECTIVES OF DIFFUSERS 
The pressure recovery co2fficients of fixed-geometry multi-shock wave diffusers ¢ 
‘Wextgises with: an increase of the design flight velocity: if when M, = 2075 Ty aYqTy. then 
when M, = 3.3 Oy = 0.55 (see Figure 70). Calculations, which were confirmed by ex- 
periments, show that variable-geometry diffusers or diff sers which are manufactured 


in the shape of an inverted Laval nozzle, may possess significantly greater pressure 


recovery coefficients. 


. Ipjme, 30/1, 1956, 37-0. 
Aviation Age, Vol. 23, No. 6, 1955, 68-73, Vol. 25, II, 1956, No. 2, 29-31. 
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Other conditions being equal, the thrust of a ramjet engine grows and the 


economy and altitude increase with an increase of the pressure recovery coefficient. 


SECTION 3. DEVELOPMENT PERSPECTIVES OF RAMJET ENGINE COMBUSTION CHAMBERS 

Ramjet combustion chambers of the stabilizer type, in which the turbulent com- 
bustion of a two-phase mixture occurs, have been described in open literature. 

The subsequent develcpment of conbustion chambers could consists of tke follow- 
ing for example: 

1. Perfection of the methods of prepering the fuel mixture. 

2. The decrease of the hydraulic resistance of the combustion chamber with a 
simultaneous increase in combustion efficiency by means of the transition from the 
stabilization of poorly streamlined bodies to other types of stabilization. 

3. The utilization of nypergolic fuels. 

kh. The development of combustion chamber operation at low internal air pressures. 

5. A simplification of combustion chamber construction.by transition from spark 
ignition to compression ignition. 

The final aim of all these improvements is the reduction of the weight and the 
length of the combustion chamber, a lowering of the hydraulic losses, and an increase 
of the combustion efficiency, and,as a result, to increase the impulse of “ths-gases int. 
exhaust section of the chamber. The decrease of the weight of the combustion chamber 
permits the fuel supply to be increased so that a certain increase of the curation 
and range of the flight will occur. 

A substantial decrease of the specific fuel consumption and a corresponding in- 
crease of the flight range may be obtained by switching to a fuel with a higher calor- 
ific value than a hydrocarbon. 

It ia known from thermochemistry that only three elements: hydrogen, beryllium, 
and boron possess a higher calorific value than carbon. Hydrogen is wmsuitable as a 
fuel for aircraft, since even in a liquid state it has a very low specific weight: 


nearly 0.07 kg/m. Flight range can be increased by switching from hydrocarbon fuels 
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to borohycrides. According to the latest information, long-range bombers using boro- 
hydride fuels have been developed in the USA.+ 

Borohydrides of the diborane and pentaborane types are hypergolic in air. The 
combustion chambers for these fuels do not require an ignition system. 

Other condi’ions being equal, the increase in flight range when changing from 
hydrocarbons to bo. vhydrides is proportional to the increase of the calorific value: 


AL _ BHe 16000 —10500 nog 
LH, 10500 52%. 


SECTION 4. DEVELOPMENT PERSPECTIVES OF JET NOZZLES 

The pressure coefficient of the subsonic portion of a jet nozzle usually has a 
large value: o', = 0.98--0.99. The pressure coefficient of the supersonic porticn 
of a well-profiled nozzle when M = 3 is on the order of 0.9. It is impossible to in- 
crease the pressure coefficient of the nozzle substantially afte~ it approaches one 
Since it is impossible to completely exclude the losses on friction and shocks. 
There“ore, there is no basis to expect that the thrust characteristics of an engine 
with a fixed-geometry may be noticeably improved because of the increase of the total 
pressure coefficient of the nozzle. 

Usually in designing an engine with a fixed geometry the throat section of the 
nozzle is chosen with a higher value than is necessary for operation in the design 
conditions to prevent a "buzzing" condition during an increase of the temperature 
ratio. An over-sized nozzle lowers the pressure in front of the exhaust, and conse- 
quently, lowers the thrust and economy of the engine. This "shortage" of thrust may 
be avoided by employing supersonic nozzles with variable throat sections. 

Multi-purpose engines, which must have a high degree of efficiency during various 
flight speeds and at various mixture compositions, must have variable-geometry nozzles. 
Such nozzles offer the possibility of operating with an optimum degree of expansion of 
the exhaust gases during varying flight speeds and during varying temperatures in the 


combustion chamber. 


Anderton, D. A., Aviation Week, vol. 65, 12/X1, 1956, No. 20, 51-57. 
Flight, 1957, No. 2531, p. 13h. 
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The development of supersonic jet nozzles must proceed along the way of per- 


)fecting variable-geometry systems. 


SFCTION 5. THE UTILIZATION OF THE POTENTIAL ENERGY OF THE IONOSPHERE 

In addition to the energy of a molecular fuel, it is possible to use the poten- 
tial energy of the ionosphere for supersonic ranjet engines. 

Under the action of solzr and cosmic radiation oxygen and other gases in the 
upper layers of the earth's atmosphere dissociate into ions. According to the opin- 
ion of Ya. B. Zel'dovich and certain other scientists, the ion concentration in the 
ionosphere must have a large value. These ideas have still not received experimental 
confirmation.* 

An ionized gas possesses a high reserve of potential energy which ae accumulated 
by absorbing the energy of the ionized particles and quanta. Thus, for example, 1 
mole of oxygen, which is totally dissociated into atoms, contains 117 kcal of energy 
or 3,650 kcal per kg, i.e., almost six times more than 1 kg of a fuel mixture of 
benzine vapors with air of a stoichiometric composition contains. 

If a catalyst or another factor would be found which is capable of producing» 
an association of the dissociated gas in the combustion chamber of a ramjet engine 
flying in the ionosphere, then the flight may take place at the expense of the ion- 
ized gases which enter the diffuser. Such an "ion" engine will not need & special 
heat-transfer agent. — 


However, the density of the gases in the atmosphere is so small? vhat the thrust 


“aE Son oobtra naa, beneignificant. *— 


SECTION 6. RAMJET ENGINES WHICH OPERATE ON NUCLEAR FUEL. 
The next task of ramjet technology is the creation of a supersonic ramjet en- 
gine which operates on nuclear fuel. Chapter XI is devoted to this question. The 


basic problem requiring a solution, is the development of a reactor, capable of main- 
lya. B. Zel'dovich, UFN /Prugress of Physical Sciences (a periodical)/ vol. LX, 


1 September 1956, 161-162. 
Mitra, S.K., Verkhnyaya atmosfera [the Upper Atmosphere/, GTTI, 1955. 
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taining a temperature necessary to obtain the thrust .seuuired for flight. 


SECTION 7. RAMJET ENGINES WHICH OPERATE ON RADIOACTIVE ISOTOPES 

In addition to the atomic reactors radioactive isotopes, which have a short 
half life and are obtained in atomic reactors, * may be used as an 2nergy source for 
atomic ramjet engines. 

Elementary calculations show that in a nuclear reactor having a thermal porer 
in tens of millions of kilowatts, it is possible to obtain such a ouantity of a radio 
active isotopes, wnich, when disintegrating will release a po..er on the order of 
100,000 kw. This is sufficient for an intercontinental missiite to fly at a supersonic 
Speed. 

It is impossible to control the heat emission of a radioactive isotope. When 
the flow of the incoming air is stopped a high energy radioactive isotope will quickly 
melt, due to the energy it releases. The thrust control of a ramjet engine which 
operates on radioactive isotopes may be accomplished, for example, by the variation 
of the throat section of the exhaust nozzle. 


(Handling high-activity isotopes is m extremely difficult matter. 


SECTION 8. RAMJET ENGINES WHICH OPERATE ON BETA BATTERIES 

Artificial radioactive isotopes may be used to create the so-called beta-batteries 
which develop electrical energy directly because of the energy of the radioactive dis- 
integration. The electric current from a beta-battery may be used to produce a pow- 
erful electrical arc or a spark discharge, which will heat the air that enters from 
the diffuser into a discharge chamber to any given temperature. The side of the cham- 


ber may be air cooled, as the combustion chamber of ‘enginos using-a holecitar. «  - 
fuel .? 


Atomnaya_energiya [Atomic Energy/, 1956, No. 5, 1957. 


2Namias, M., Yadernaya enerpiya /Suclear E..ergy/, Foreign Literature Printing 
House, 1955, 202-206, 


Jneronautics, vol. 35, 1956, No. 1, 156, No. 2, 5l. 
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The liberation of energy ii. a beta-battery is, apparently, uncontrollable, 

) On the hardstand, the excess power may be bled off into the public power net. The 
thrust of an engine may be controlled in flight by varying the thrust section of the 
nozzle. 

A ramjet engine which operates on beta-batteries is suitable for flight with 
very high velocities, since the air temperature in the discharge chamber may be raiscd 


to very high values. 


Ramjet engines may operate on molecular as well as on atomic energy. Ramjet 
engines are unrivaled for powered and controlled flights at velocities from M, = 


3.5 to h.O and higher. 
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Fig. 20h. A graph of the gas dynamic function t(A) = 1 - 
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Fig» 205. A graph of the gas dynamic function T(Q) = /Aetia)/ a 
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Fig. 206. # grapih of the gas dynanic function E€(A) = J&(Q)7 eres 
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A graph of the gas dynamic functtion tr (A) = A€t aa) 


Fig. 207. 
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Fig. 208. raph t the gams dynamic function 2(A) = At =~. 
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